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EXPERIMENTAL  STUDIES  OF  LATERAL  ELECTRON  TRANSPORT  IN 
GALLIUM  ARSENIDE-ALUMINUM  GALLIUM  ARSENIDE  HETEROSTRUCTURES 


Mark  Robert  Keever,  Ph.D. 

Department  of  Elaetrieal  Engineering 
University  of  Illinois  at  Urbana-Chaapaign,  1983 


The  electron-transport  characteristics  of  aodnlat ion-doped  GaAs- 

A1xGa1..xAs  heterostrnctnres  have  been  aeasnred  over  a  vide  range  of 
temperatures  using  a  diverse  set  of  device  structures.  Short  voltage  pnlses 
were  used  to  apply  a  broad  range  of  lateral  (parallel  to  the  interface) 
electric  fields  and  the  resulting  current-field  characteristics  vere 
determined  using  a  sampling  oscilloscope  and  x-y  recorder. 

It  was  observed  that  the  high  electron  mobility  in  these  structures 
initially  increased  as  the  electric  field  was  increased  from  zero.  The 
low-field  mobility  reached  a  maximum  at  fields  below  500  V/cm  and  then 
dropped  quickly  at  low  temperatures  for  increasingly  higher  electric  fields. 
At  higher  temperatures  (200  X  to  300  X)  there  was  comparatively  little 
change  in  the  mobility  for  fields  up  to  2  kV/cm. 

For  higher  fields  (above  2  kV/cm)  it  was  found  that  the  electrons  could 
gain  enough  energy  to  be  thermionically  emitted  over  the  conduction-band 
discontinuity  from  the  high-mobility  GaAs  to  the  low-mobility  AlGaAs.  This 
real-space  transfer  (RST)  of  electrons  resulted  in  current  saturation  or 


various  degrees  of  negative  differential  resistance  (NDR)  in  the  saaples 
being  studied.  The  characteristics  of  the  NDR  were  found  to  be  adjustable 
by  changing  the  sanple  growth  paraaeters  such  as  the  AlAs  aole  fraction, 
layer  widths,  and  doping  concentrations.  It  was  also  observed  that  the  NDR 
could  be  significantly  enhanced  in  aany  saaples  by  illuainating  the  surface 
of  the  heterostructure.  In  a  few  structures,  the  increase  in  conductivity 
due  to  the  photoconduct ive  effect  was  found  to  persist  at  low  tenperatures 
long  after  the  source  of  illuaination  was  reaoved. 

It  was  deaonstrated  that  the  new  real-space  transfer  aechanisa  could  be 
used  in  the  creation  of  fast  electron  switching  and  storage  devices  and  also 
high-frequency  oscillators.  The  frequency  of  the  oscillation  was  shown  to 
be  controlled  by  an  external  circuit  and  was  not  dependent  on  the  saaple 
length.  The  NDR  occurring  at  high  fields  due  to  RST  will  also  have  an 
important  influence  on  all  heterostructure  devices  such  as  FETs  which  depend 
on  high-speed  electron  transport  parallel  to  the  layers. 
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i.  introduction 

The  study  of  heterostructures  made  from  joining  two  or  aore  III-V 
compounds  began  less  than  20  years  ago,  but  today  it  occupies  a  prominent 
position  in  semiconductor  research.  The  swift  growth  of  heterostructure 
research  on  GaAs  and  Al^Ga^_xAs  compounds  stems  from  their  many  interesting 
properties  which  include  a  band  structure  that  allows  the  construction  of 
transferred-electron  devices,  a  direct  (adjustable)  band  gap  for  optical 
applications,  and  the  ability  to  be  epitaxially  grown  lattice-matched  to 
each  other.  Of  the  variety  of  heterostructures  currently  being  studied,  it 
is  this  combination  of  GaAs  and  Al^Ga^^s  that  has  attracted  the  most 
research  attention. 

The  first  growth  of  a  GaAs-AliGa^_xAs  heterostructure  in  this  country 
was  reported  in  1967  when  Woodall,  Rupprecht  and  co-workers  [1]  reported  the 

growth  of  ^x®al-x^s  0,1  ^aAs  using  liquid  phase  epitaxy  (LPE)  .  During  the 
next  few  years  this  heterostructure  was  investigated  solely  for  light- 
emitting  applications  such  as  heterostructure  lasers. 

In  the  early  1970's,  the  new  epitaxial  growth  methods  of  molecular  beam 
epitaxy  (MBE)  and  metalorganic  chemical  vapor  deposition  (MOCVD)  began  to 
become  important  for  growing  a  variety  of  multilayered  GaAs-AlGaAs 
heterostructures.  After  the  experimental  realization  of  the  concept  of 
modulaticn  doping  in  1978  [S],  new  attention  began  to  focus  on  the  lateral 
(parallel  to  the  layers)  electron-transport  characteristics  of  GaAs-Al^Ga^. 

zAs  heterostructures  for  use  in  devices  such  as  FETs.  This  new  interest  in 
electron-transport  devices  using  heterostructures  resulted  from  the 
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verification  that  lateral  electron  nobilities  (in  directions  parallel  to  the 
heterolayers)  in  nodnlation-doped  (MD)  GaAs-Al^Gaj^As  structures  are  nuch 
larger  than  those  of  equivalently-doped  bulk  GaAs,  especially  at  low 
temperatures.  This  enhanced  nobility  is  attributed  to  the  spatial 
separation  of  electrons  in  the  GaAs  from  their  parent  donors  in  the  AlGaAs 
and  the  effective  screening  of  background  charges,  which  significantly 
reduces  the  ionized-impurity  scattering  rate  at  low  temperatures  [5-10] . 
Modulation  doping  will  be  discussed  in  further  detail  in  Chapter  2. 

It  has  been  proposed  that  the  lateral  high-mobility  characteristics  of 
MD  heterostructures  can  be  used  to  great  advantage  in  the  construction  of 
hi^h-speed  FETs  and  other  devices  that  need  high-speed  electron  transport. 
Several  laboratories  are  presently  engaged  in  active  research  in  this  area 
[11-25]  and  to  date,  they  have  reported  success  in  the  improvement  of  GaAs- 

AljGa^^As  he teroj unction  MESFET  (and  MISFET)  properties  at  low  temperatures 
over  those  of  a  GaAs  MESFET. 

Several  new  concepts  and  device  ideas  using  MD  heterostructures  have 
been  introduced  in  the  past  several  years.  One  suggested  set  of  novel 
devices  would  utilize  the  innovative  concept  of  real-space  electron  transfer 
between  heterolayers  as  proposed  by  Hess  and  co-workers  [26,27].  The  real- 
space  transfer  mechanism  is  based  on  the  thermionic  emission  of  hot 
electrons  from  the  high-mobility  GaAs  layer  to  the  low-mobility  AlGaAs  layer 
in  the  presence  of  a  laterally-applied  high  electric  field.  The  transfer  of 
electrons  from  high-mobility  to  low-mobility  layers  can  lead  to  a  negative 
differential  resistance  (NDR)  just  as  in  the  Gunn  effect  [28,29].  In  fact, 
the  real-space  transfer  mechanism  is  analogous  to  the  Gunn  effect  caused  by 
a  momentum-space  (k-space)  transfer.  The  advantage  of  the  real-space 


transfer  mechanism  over  the  Gann  effect*  however,  lies  in  its  degree  of 
control  of  device  characteristics.  As  will  be  discussed  in  Chapter  5, 
device  properties  snch  as  the  electric  field  threshold  for  NDR,  and  the 
peak-to-valley  ratio  can  be  adjusted  by  changing  one  or  aore  paraaeters  of 
the  heterostructure  growth  process.  Soae  of  the  attractive  applications  of 
real-space  transfer  include  high-frequency  oscillators  [30],  fast  switching 
and  storage  devices  [26,27,31,32]  and  constant-current  regulators  [28]. 

In  order  to  efficiently  design  these  RST  devices  and  heterostructure 
FETs  it  is  necessary  to  have  a  thorough  understanding  of  the  electrical  and 
optical  properties  of  the  GaAs-Al^aj.jAs  heterolayers.  At  the  time  the 
author  began  his  research,  sufficient  knowledge  and  understanding  of  the  MD 

GaAs-Al^Gaj.^s  electrical  properties  were  lacking  due  to  the  infancy  of  the 
research  on  modulation-doped  structures.  There  were  also  uncertainties 
about  trapping  and  various  photoconduct ive  effects  connected  with  these 
materials. 

It  has  been  the  intent  of  the  author  to  experimentally  examine  the 
electron-transport  characteristics  of  GaAs-Al^Ga^^As  heterostructures  in 
order  to  improve  the  understanding  of  their  properties  under  applied 
electric  fields.  Emphasis  has  been  placed  on  measuring  the  electrical 
responses  of  the  heterostructures  over  a  broad  temperature  range  under 
conditions  where  a  relatively  high  electric  field  (2-5  kV/cm)  was  applied 
parallel  to  the  junction  interfaces.  It  was  believed  that  these  conditions 
would  produce  significant  insight  into  the  characteristics  of  real-space 
transfer  and  also  yield  important  information  about  the  general  hot-electron 
properties  that  are  crucial  to  the  operation  of  devices  such  as 
heterojunction  FETs.  The  results  of  these  high-field  electrical 


measurements  and  the  consequences  for  proposed  devices  will  be  discussed  in 
Chapter  5.  This  chapter  will  also  include  data  shoving  the  general 
photoconductive  characteristics  of  the  heterostructures  along  with  results 
obtained  in  collaboration  with  B.  Berexnak  on  unusual  persistent- 
photoconductive  effects. 

During  the  course  of  this  research  the  author  also  discovered  that 
several  unexpected  but  very  important  effects  can  occur  at  much  lover 
electric  fields  (mostly  belov  1  kV/cm) .  These  lov-field  effects,  vhich 
include  extreme  mobility  changes  at  low  temperatures  [33.34]  and  an 
acoustoelectric  effect  [28,35].  will  be  presented  in  Chapter  4. 
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2.  BAdOODW 

2.1  Overview 

In  order  to  appreciate  the  versatility  of  GaAs-Al^Ga^  xAs 
heterojonction  devices  it  is  necessary  to  understand  how  the  strnctnre  of 
the  epitaxial  layers  determines  the  mobility  enhancement  of  the  material. 
The  following  sections  will  outline  the  common  epitaxial  growth  processes 
used  to  create  the  heterostructures  in  addition  to  providing  a  detailed 
description  of  how  the  enhanced  lateral  mobility  in  the  heterostructures 
comes  about.  The  importance  of  various  growth  parameters  such  as  the  AlAs 
mole  fraction,  layer  widths,  and  carrier  concentration  in  modifying  the 
heterostructure  mobility  will  be  carefully  identified.  The  quality  of  the 
GaAs-AlxGaj_xAs  heterojunction  interface  will  also  be  discussed  in  light  of 
recent  experimental  studies.  All  of  these  factors  are  of  fundamental 
importance  in  interpreting  the  experimental  data  presented  in  this  work  and 
in  evaluating  the  performance  of  the  devices  that  were  fabricated  and 
tested. 

2.2  Epitaxial  Growth  Methods 

2.2.1  Molecular  Beam  Epitaxy  (MBE) 

Molecular  beam  epitaxy  (MBE)  is  relatively  new  among  the  epitaxial 
growth  techniques  and  it  has  become  a  popular  method  for  growing 
modulation-doped  GaAs-AlxGaj_xAs  heterojunction  structures.  This  popularity 
stems  from  the  fine  degree  of  control  that  can  be  obtained  in  the  doping  of 
the  heterostructures  [3,5,36-38].  The  control  over  growth  rate  and 
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composition  is  precise  enough  that  structures  can  be  grown  consisting  of 
alternating  monolayers  of  GaAs  and  AlAs  [39].  The  apparatus  features  which 
make  such  structures  possible  are  primarily  the  slow  growth  rate  (**  1  X/sec) 
and  the  accompanying  low-growth  temperature. 

The  wafer  growth  takes  place  in  an  ultrahigh  vacuum  in  which  a  series 
of  atomic  and/or  molecular  beams  impinge  from  high-temperature  effusion 
cells  onto  a  suitable  substrate  maintained  at  an  elevated  temperature  on  a 
heated  pedestal.  The  temperature  of,  and  hence  the  flux  from,  each  effusion 
cell  is  precisely  controlled  by  an  electrical-feedback  temperature-control 
system  so  that  the  composition  profile  can  be  very  uniform.  Shutters  on 
each  cell  allow  a  given  beam  flux  to  be  initiated  or  terminated  in  a  time 
that  corresponds  to  less  than  1  X  so  the  thickness  of  each  layer  can  be 
precisely  controlled  and  the  interface  between  two  heterostructure 

components  can  be  sharp  —  even  on  an  atomic  scale.  In  addition,  the  use  of 

molecular  beams  to  supply  material  to  the  growing  film  makes  it  possible  to 
include  analytical  tools  such  as  a  mass  spectrometer.  Auger  analyzer,  and 
grazing  incidence  HEED  in  the  vacuum  chamber  by  limiting  the  region  exposed 
to  high  vapor  flux. 

Modulation  doping  of  the  GaAs-AlxGaj_xAs  materials  studied  for  this 
work  was  achieved  by  synchronization  of  Si  and  A1  source  fluxes  so  that  only 
the  AlxGaj_xAs  layers  were  deliberately  doped  with  Si-donor  impurities.  A 
variation  of  this  procedure  was  sometimes  used  where  the  Si  beam  was 

shuttered  in  such  a  way  that  20  -  300  X  of  each  side  of  every  AlxGaj_xAs 
layer  was  not  intentionally  doped,  thus  keeping  the  Si  dopant  away  from  the 
interface  region.  The  growth  rate  for  the  GaAs  was  usually  0.65  - 

0.70  }im/hr  with  the  substrate  temperature  in  the  range  of  580  -  700°C. 


MBE-grown  wafers  were  used  for  the  aajority  of  the  measurements  performed  in 
this  research  on  GaAs-Al^Gaj^As  heterostructures. 

2.2.2  Hmimmlg  Chemical  Vapor  Deposition  (MOCVD) 

Although  the  epitaxial  growth  of  GaAs  and  AliGa1_xAs  by  aetalorganic 
chemical  vapor  deposition  (MOCVD)  was  first  reported  in  1971  [2]  it  is  only 
recently  that  this  technique  has  been  applied  to  the  growth  of  modulation- 
doped  GaAs-AlGaAs  heterostructures  [40,41].  Enhanced-nobility  multiple— 
layer  structures  with  properties  siailar  to  those  grown  by  MBE  have  been 
grown  by  MOCVD,  with  growth  rates  of  approxiaately  2.0  pm/hr  [42]. 

For  the  MOCVD  growth  process,  the  sources  of  the  group  III  eleaents  A1 
and  Ga  are  the  aetalorganics  trimethylaluminua  (TMA1)  and  trimethylgal liua 
(TWGa),  respectively.  The  source  of  the  As  group  V  element  is  the  hydride 
arsine  (AsH^) .  Physical  vapor-phase  mixtures  of  these  compounds  are 
pyrolysed  in  at  substrate  teaperatures  ~  650  -  750°C  to  form  Al^Ga^^As 
alloy  films  [43,44].  The  alloy  composition  of  the  film  is  determined  by  the 
relative  partial  pressures  of  TMGa  and  TMA1  in  the  reactor.  The  A1xGaj_xAs 
layers  can  be  doped  n-type  with  Se  froa  the  hydride  source 

&2  is  used  as  the  carrier  gas  for  the  three  aetalorganic  sources  (which 
are  liquids  near  room  temperature)  so  the  source  partial  pressures  are 
determined  by  the  carrier  gas  flow  rates  that  are  mass-flow  controlled. 
The  epitaxial  layer  thicknesses  are  then  controlled  by  the  timed  sequencing 
of  the  appropriate  gas-flow  path-control  valves.  The  minimum  layer 
thicknesses  occurring  in  any  of  the  MOCVD  structures  studied  by  the  author 
were  200  X  although  MOCVD-grown  layer  thicknesses  of  much  less  than  20  X 
have  been  demonstrated. 
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2.2.3  Liquid  Phase  Epitaxy  (LPE) 

Liquid  phase  epitaxy  (LPE)  is  the  oldest  technique  used  for  growing 
GaAs-AlzGa]_zAs  heterolayers.  To  date,  its  principal  uses  have  been  in  the 
growth  of  aaterials  for  heterostruoture  lasers  [45],  GaAs-AlGaAs 
heteroj unction  bipolar  transistors  [46-48],  GaAs-AlGaAs  charge-coupled 
devices  [49-51],  and  other  optical  devices.  Recently,  however,  this  growth 
technique  has  also  been  used  to  grow  aodul a ti on-doped  Ga As-Al ^Ga j  xAs 
heterolayers  with  successful  mobility  enhancement  [52-54].  Layers  less  than 
500  X  thick  can  be  grown  with  this  nethod  by  employing  the  standard  LPE 
multiple-well  graphite  boat  and  slider  procedures.  Using  thin  melt 
techniques  [54]  the  LPE  growth  rate  can  be  as  low  as  500  X/min  (3  pm/hr) . 
Modulation-doped  GaAs-Al^Ga^.^As  structures  are  not  commonly  grown  by  LPE  at 
present  and  the  author  did  not  perform  measurements  on  any  LPE 
heterostructures  during  the  course  of  his  research. 

2.3  Layer  Structure  of  Samples 

2.3.1  MBE  Structures 

All  the  MBE  modulation-doped  heterojunction  structures  used  for  this 
research  were  grown  on  (100)  oriented,  Cr-doped,  semi-insulating  GaAs 
substrates  approximately  600  pm  thick.  After  standard  mechanical-chemical 
polishing  and  free  etching,  any  native  oxide  on  the  GaAs  substrate  formed 
during  loading  was  removed  by  thermally  heating  the  substrate  to  a  typical 
temperature  of  630°C.  The  actual  growth  of  the  he terostructure  was  then 
usually  carried  out  at  600°C  (although  higher  growth  temperatures  up  to 
750°C  have  been  tested).  For  all  normal  samples  the  first  layer  grown  on 
the  substrate  was  an  unintentionally-doped  GaAs  buffer  layer  -  1  pm  thick. 


The  growth  rate  of  the  GaAs  was  set  to  ~  0.7  |ia/hr  by  adjusting  the  Ga 
effusion  cell  temperature,  while  the  As  flux  was  adjusted  to  obtain  an  As- 
stabilized  surface  condition.  Above  the  GaAs  buffer  layer  were  grown  froai 
one  to  nine  alternating  pairs  of  Si-doped  Al^Ga1_xAs  and  undoped  GaAs 
layers. 

In  many  cases  the  AlxGaj_xAs  jtyer  vas  grown  so  that  a  thin  portion  of 
each  side  near  the  interface  was  left  undoped.  These  "intrinsic”  Al^Ga^^As 
layers  were  included  to  enhance  the  electron  mobility  as  will  be  described 
in  Section  2.4.2.  In  most  cases  a  200  X  cap  layer  of  GaAs  was  grown  last  on 
the  top  surface  of  the  sample  to  reduce  oxidation  of  the  surface  and  to 
facilitate  ohmic-contact  preparation. 

A  schematic  representation  of  a  multiperiod  GaAs-Al  Ga.  As 

X  1~X 

heterostructure  is  shown  in  Fig.  2.1.  Each  period  of  the  heterostructure 
consisted  of  an  undoped  (~  1014  cm-3)  layer  of  GaAs  (200  -  1000  X  thick) 
followed  above  by  an  undoped  "intrinsic"  layer  of  AlxGaj_xAs  (50  -  300  X 
thick),  a  Si-doped  (~  1017  cm"3)  layer  of  Al^Ga^As  (250  -  1500  A  thick), 
and  a  second  intrinsic  layer  of  A1xGa1-xAs  with  the  same  thickness  as  the 
first  intrinsic  layer. 

In  instances  where  the  sample  contained  only  one  period,  the  top-most 

0 

intrinsic  A*xGaj_xAs  layer  next  to  the  200  A  GaAs  cap  lsyer  was  usually 
deleted  as  shown  in  Fig.  2.2. 

2.3.2  MOCVD  Struc tures 

All  MOCVD  samples  used  in  this  research  were  grown  on  Cr-doped,  semi- 


insulating  GaAs  substrates  oriented  2°  towards  (110)  from  (100) .  Growths 
were  performed  at  730°C  with  a  controlled  growth  rate  of  0.04  fim/min.  An 
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Fig.  2.1:  Schematic  representation  of  multiple-period  modulation-doped 
GaAs-AlxGaj _xAs  heterostructure  grown  by  MBE . 
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Fig.  2.2:  Schematic  representation  of  single-period 

modulation-doped  GaAs-Al^Ga^  ^As  heterostructure 
grown  by  MBE.  Note  there  is  no  intrinsic  AIGaAs 
layer  between  the  Si-doped  AIGaAs  layer  and 
GaAs  cap  layer. 


unintentionally— doped  GaAs  buffer  layer  (0.15  —  0.4  pa)  vat  grown  on  top  of 
the  substrate  before  beginning  growth  of  the  following  heterostructure 
periods.  Each  MOCVD  period  consisted  only  of  one  undoped  (~  4  x  10**  cm“ 
3 ) GaAs  layer  and  one  Se-doped  <~  1 017  cm-3)  Al^Ga^As  layer,  both  of  equal 
thickness.  There  were  no  "intrinsic"  Al^Gaj.^s  layers  included  in  the 
MOCVD  saaples  coapared  to  the  MBE  ones.  Structures  contained  froa  3  to  20 
periods  of  GaAs-AlGaAs  layer  pairs  with  the  individual  layer  thicknesses 
ranging  froa  200  X  to  600  X.  All  MOCVD  wafers  were  capped  with  a  thin  layer 
of  GaAs  on  the  top  surface. 


2.4  Curley  Ty»pgpoyt  Characteristics 

2 .4 .1  Conduction-  Valence-Band  Discontinuities 

For  all  the  heterostructures  studied  by  the  author,  the  AlAs  aole 
fraction  x  of  the  A1xGaj_xAs  was  in  the  range  0.15  <  x  <  0.40  and  the 
ternary  T  conduction  band  was  direct.  For  0  <  x  <  0.45  the  T  direct  energy 

_r 

gap  hg  of  AlxGaj_xAs  is  less  than  the  gaps  at  the  X  and  L  indirect 
conduction  bands  and  nay  be  approximated  as  [45] 


<eV) 


1.424  +  1.247x. 


(2.1) 


At  the  G*As-A1xg»^_^As  heterojunction  approximately  85%  of  the 

discontinuity  in  the  band  gaps  between  the  GaAs  and  AlxGaj_xAs  is  located  in 

the  conduction  band  [58].  Thus  the  conduction-band  discontinuity  AE  that 

c 

forms  a  potential  barrier  at  the  interface  for  electrons  in  the  GaAs  may  be 
expressed  as 


AE 

c 


1.060x  (eV). 


(2.2) 
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Similarly  the  valence-band  discontinnity  A£y  which  forms  a  potential 
barrier  at  the  interface  for  the  holes  can  be  found  using 

AEy  .  0.187x  (eV).  (2.3) 

2.4.2  Mobility  Enhancement 

The  lateral  electron  mobilities  are  enhanced  in  modulation-doped 
structures  because  only  the  larger  band-gap  material*  here  AlxGaj_xAs,  is 
intentionally  doped  with  donors*  leaving  the  nearby  smaller  band-gap  GaAs 
layer  essentially  free  of  impurities.  Due  to  the  abrupt  step  in  the  band 
edges  of  the  MBE-grown  heterojunctions  and  the  condition  that  a  constant 
Fermi  level  be  maintained  throughout  the  heterostructure,  the  impurities  in 
the  Al^Gaj^As  ionize  and  electrons  transfer  across  the  heterojunction 
interface  to  the  smaller  band-gap  GaAs  layer.  This  charge  transfer  creates 
very  strong  internal  electric  fields  (up  to  ~  50  kV/cm)  that  cause 
substantial  band  bending  in  the  vicinity  of  the  heterojunction  interface. 
The  band  bending  strongly  confines  the  carriers  to  a  potential  well  next  to 
the  interface  as  shown  in  Fig.  2.3  and  carrier  motion  in  the  direction 
perpendicular  to  the  interface  is  quantized,  forming  a  set  of  bound  states. 
The  subband  structure  of  these  bound  states  has  been  calculated  by  Mori  and 
Ando  [8,9]  based  on  an  effective  mass  approximation.  Their  calculated 
results  for  the  Hall  mobility  will  be  discussed  in  further  detail  in  this 
section. 

Although  the  electrons  are  confined  in  the  direction  perpendicular  to 
the  interface,  lateral  motion  (parallel  to  the  interface)  in  the  undoped 
GaAs  remains  unhindered  and  is  essentially  free  from  ionized-impur i ty 
scattering  (the  major  factor  limiting  low-temperature  mobility).  This  is 
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due  to  the  separation  of  parent  donors  in  the  AlGaAs  from  the  electrons  in 
the  GaAs  and  screening  of  the  backgrond  imparities.  As  a  result,  the 
overall  electron  mobility  of  the  heterostrnctare  is  significantly  increased 
(particularly  at  low  temperatures)  over  equivalently-doped  bulk  GaAs.  This 
mobility  increase  has  been  experimentally  verified  overwhelmingly  on  many 
occasions  by  several  laboratories  using  MBE  [5,10,59-61],  MOCVD  [41],  and 
LPE  [53,54]  growth  techniques.  It  has  also  been  demonstrated  using 
Shubnikov-deHaas  measurements  [6,7,52,59,60,62,63],  that  the  transferred 
electrons  confined  near  the  interface  behave  like  a  two-dimensional  electron 
gas  (2DEG) .  Incidentally,  the  analogous  case  of  a  two-dimensional  hole  gas 
(2DHG)  at  the  interface  of  an  undoped  GaAs  and  p-type  Be-doped  Al^Ga^.-As 
layer  has  been  similarly  discovered  [64]. 

Hess  has  shown  that  the  differential  scattering  rate  for  the  2DEG  due 
to  ionized  impurities  decreases  exponentially  with  the  separation  distance 
between  them  [65-67].  This  fact  indicates  that  the  mobility  of  the 
electrons  could  be  further  improved  by  increasing  the  spatial  distance 
between  the  ionized  donors  and  the  2DEG  by  leaving  a  thin  zone  of  the  AlGaAs 
next  to  the  interface  undoped.  Thus  there  would  be  a  thin  layer  of  undoped 
AlGaAs  separating  the  electrons  confined  at  the  interface  from  the  doped 
impurities  inside  the  remaining  AlGaAs  layer.  Fig.  2.4  depicts  the 
conduction  band-edge  diagram  of  a  MD  GaAs-Al^Gaj^As  structure  like  that 
shown  in  Fig.  2.1  containing  these  thin  undoped  "intrinsic"  Al^Ga^_xAs 
layers.  Putting  this  idea  into  experimental  practice  has  led  to  still 
further  improvement  in  the  hererostructure  mobility  [68-76].  If  the 
intrinsic  AlGaAs  layer  is  made  too  thick,  however,  the  mobility  of  the 
structures  is  reduced.  An  explanation  of  this  characteristic  will  be 


1 


CaAs-AlGaAs  heterostructure  with  a  thin,  undoped  AlGaAs  layer 
doped  AlGaAs  and  undoped  GaAs  layer  [74]. 
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presented  in  Section  2. 4. 2.1. 

In  all  of  the  above-referenced  experimental  studies  the  mobility  of  the 
modulation-doped  heterostructure  was  characterized  by  Hall-effect  or  van  der 
Pauw  measurements  using  relatively  small  electric  and  magnetic  fields.  Some 
of  the  reported  measured  Hall  mobilities  [75,76]  have  exceeded  300,000 
cm 2/Vs  at  10  K,  100,000  cm2/Vs  at  77  K,  and  have  reached  9000  cm2/Vs  -t 
300  K.  At  this  point  it  is  important  to  recognize  that  the  Hall 
measurements  indicate  the  combined  average  mobility  of  the  AlGaAs  layer,  the 
GaAs  layer,  and  the  two-dimensional  electron  gas  at  the  interface. 

It  is  the  mobility,  thickness,  and  carrier  concentration  of  each  layer 
which  will  determine  the  electrical  properties  of  each  structure  that  is 
studied  through  the  application  of  an  electric  field.  Since  the  remarkable 
characteristics  of  the  devices  fabricated  and  tested  during  this  research 
depend  so  strongly  on  the  important  parameters  that  influence  the  mobility 
characteristics  of  the  modulation-doped  heterostructures,  each  of  these 
parameters  will  be  discussed  in  more  detail  in  the  subsequent  sections. 
When  possible,  results  will  be  included  from  recent  experimental  studies 
which  have  attempted  to  determine  the  optimum  value  of  a  particular 
parameter  to  achieve  highest  mobility  in  a  certain  structure. 

2. 4. 2.1  Influence  of  Dndoned  AlGaAs  Laver  Width 

It  was  reported  above  that  the  Hall  mobility  increases  when  an  undoped 
AlGaAs  layer  is  grown  between  the  doped  AlGaAs  and  the  undoped  GaAs,  the 
reasoning  being  that  it  further  separates  the  electrons  in  the  GaAs  from  the 
ionized-impur ity  distribution  in  the  doped  AlGaAs  and  thus  reduces  the 
Coulomb  interaction.  However,  it  was  found  that  if  the  intrinsic-layer 
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width  d^  was  increased  too  much,  the  mobility  would  begin  to  decline.  This 
indicates  that  there  are  other  distance-dependent  mechanisms  such  as 
electron  screening  effects  which  are  important  in  determining  the  scattering 
rate.  In  order  to  better  understand  how  the  interaction  of  the  various 
mechanisms  that  affect  the  scattering  rate  are  dependent  on  the  electron- 
donor  separation,  it  is  instructive  to  review  the  model  presented  by  Hess 
[66.67]. 

Before  proceeding  with  the  details  of  the  model,  however,  the  reader  is 

reminded  that  the  effective  distance  from  the  donors  to  the  maximum  of  the 

square  of  the  electron-envelope  wave  function  is  dependent  on  the  extent  of 

band  bending  as  well  as  the  intrinsic-layer  thickness  d . .  This  is 

illustrated  in  Fig.  2.5.  Here  zq  is  the  separation  distance  from  the  doped 

layer  to  the  maximum  of  the  square  of  the  electron-envelope  wave  function 

for  the  lowest  energy  state  E  above  the  GaAs  conduction-band  edge  E_. 

o  c 

Fig.  2.5(a)  represents  the  conduction-band  edge  for  negligible  space-charge 
effects.  The  distance  d^  is  the  spacing  in  the  A^Ga^^As  layer  which  is 
free  of  intentional  doping.  In  Fig.  2.5(b)  some  band  bending  has  become 
visible  due  to  the  effect  of  the  space  charge.  Note  that  zq  js  still  nearly 
the  same.  Fig.  2.5(c)  illustrates  the  case  where  the  band  bending  is  so 
strong  that  a  quasi-two-dimensional  layer  has  been  formed  at  each  interface. 

is  then  much  smaller  for  the  same  value  of  d^.  This  causes  a  strong 
increase  in  the  ionized-impur ity  scattering  rate  since  it  depends 

sensitively  on  the  distance  z  as  will  be  seen  in  Eq.  (2.5)  below. 

o 

Optimizing  this  distance  causes  the  major  reduction  of  impurity  scattering; 
all  the  other  effects  such  as  two-dimensionality  have  a  smaller  influence  on 
the  scattering  rate  and  mobility. 
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Fig.  2.5:  Schematic  diagram  of  conduction-band  edge  for 

(a)  no  band  bending,  (b)  moderate  band  bending, 

and  (c)  strong  band  bending  [67].  Note  the  change 

in  Z  ,  which  is  the  distance  of  the  donors  from 
o 

the  maximum  electron  charge  density. 


Tha  modal  presented  by  Hass  [66,67]  eantars  on  simple  screening  affaets 
and  tba  soattaring  by  a  remote  homogeneous  distribution  of  impurities  while 
ignoring  multisubband  oondnotion  and  anltisnbband  soraaning  of  raaota  and 
background  imparities.  The  electron  distribution  is  approximated  by  a  6- 
like  sheet  of  electron  charge  located  at  a  ■  0,  where  z  is  the  direction 
parpandicnlar  to  the  he teroj auction  interface.  The  donor  imparities  are 
hoaogeneonsly  distributed  at  x  >  Z|).  i„  the  limit  of  a  high  electron 
density  N#  «t  the  he teroj auction  interface,  the  two-dimensional  screening 
constant  S  is  given  by  [77] 

S  *  2/ aB  (2.4) 

where  aR  i5  the  effective  Bohr  radius  in  the  GaAs.  If  the  screening  is 
strong,  scattering  occurs  only  for  small  angles  (kzQ  >  l)  and  then  the 
scattering  rate  may  be  expressed  by 

~  a  (2p/S2)  [16k2z  2  +  l]”1  (2.5) 

x  o 

where 

P  =  e4  m*  Nr  (8nh3(8e{j)2k)*1.  (2.6) 

Here  k  is  the  absolute  value  of  the  electronic  wavevector,  m*  the  effective 

mass ,  NR  the  remote-impurity  density,  and  e  the  relative  dielectric  constant 
of  the  semiconductor.  Eq.  (2.5)  also  holds  for  background  impurities  (i.e., 

3  0)  and  should  allow  an  estimate  of  the  influence  of  interface  charges 
(fcz0  small).  If  the  true  z  dependence  of  the  subband  envelope  functions  is 
taken  into  account,  the  resulting  formulae  are  much  more  involved.  The 
essence  of  the  theory,  however,  is  reflected  by  Eq.  (2.6),  which  was  also 
derived  by  Price  [78]  if  z  is  regarded  as  an  adjustable  parameter. 
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In  order  to  nnderstand  the  characteristics  of  the  nobility  dependence  j 

021  one  still  needs  to  go  into  aore  detail.  An  estimate  is  easy  only  if 

one  neglects  both  the  background  doping  and  the  interface  charges  and 
employs  the  depletion  approximation.  Then  the  sheet  density  of  electrons  N(  , 

i 

at  one  interface  becomes: 


Ns  «  NRW  (2.7) 

where  W  is  the  depletion-layer  width  in  the  Al^Gsj^As.  For  x0  »  0  we  have 

w  =  wc  -  (2ee0Vbl/e  NR)1/2  (2.8) 

where  V,.  i,  the  bnilt-in  voltage  which  is  of  the  order  of  the  conduction- 
band  discontinuity.  For  zq  £  o.  one  can  then  write 

NS  "  "  zo>  NR*  (2.9) 

Several  factors  which  contribute  to  zq  include:  the  distance  dj  in  the 

AlGaAs,  a  contribution  d'  which  arises  from  the  statistical  distribution  of 
the  donors  (breakdown  of  the  homogeneity  approximation),  and  the  average 
distance  dM  of  the  electrons  from  the  interface. 

^*>en  zo  iocreases,  the  electron  transfer  from  the  doped  AlGaAs  to  the 
undoped  GaAs  becomes  smaller  and  the  electron  density  Ng  at  the  interface 
decreases  and  as  a  result  the  screening  also  decreases  (S  becomes 
proportional  to  Ng  for  small  Ng) .  This  causes  an  increase  in  the  scattering 
rates  (Eq.  (2.5))  which  leads  to  the  experimentally-measured  decrease  in 
mobility.  Assuming  the  major  effect  is  due  to  reduced  screening  alone,  it 
is  found  (by  differentiating  over  zo)  that  the  mobility  has  a  maximum  at 

di  £  \  Wo  "  d'  '  d"  (2.10) 
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which  gives  dj  £  1J0  1  for  #  10*^  ca“^  sad  d'  +  d"  ■  100  Ia  s  real 

street are,  the  backgroaad  lap nr it lea  aad  iaterface  charges  (of  extremely  low 
deasity)  will  iaflneace  this  value  substaatially;  however,  the  syabol  <  aay 
still  hold  ia  Eq.  (2.10) . 

Ia  suaaary,  the  aajor  features  that  iaflneace  the  Couloab  scatteriag  as 
a  function  of  the  intrinsic  width  d^  are: 

(i):  As  long  as  Ng  is  constant,  the  scattering  rate  due  to  reaote-iapurity 
scattering  decreases  proportionally  to  z^  for  a  homogeneous  impurity 
distribution  starting  at  a  distance  zq  fr0m  the  electrons.  However, 
this  square  law  will  be  altered  substantially  by  any  deviation  from 
constant  for  z  >  z0>  For  example,  one  obtains  a  zQ  law  for  the 
case  of  a  5  spike  of  impurities. 

(ii):  When  N<,  begins  to  decrease  with  increasing  zQ,  this  causes  the 
screening  constant  S  to  be  similarly  decreased.  The  S~^  dependence 
of  the  scattering  rate  (Eq.  (2.5))  then  opposes  the  effects  of  (i)  to 
decrease  the  mobility. 

(iii):  The  dependence  of  zq  on  dj  is  affected  by  the  A1  mole  fraction  x  and 
the  impurity  concentration  which  control  the  band-bending 
characteristics . 

Several  laboratories  have  reported  the  results  of  research  performed  to 
determine  the  optimum  value  of  d^  to  achieve  the  highest  lateral  mobility  in 
various  GaAs-Al^Ga^^As  heterostructures.  The  reported  values  of  dj  have 
varied  widely  depending  on  the  temperature  at  which  the  mobility  was 
measured  and  the  characteristics  of  the  sample  structure.  A  study  of 
single-period  GaAs-Al^Ga^^As  structures  by  Delescluse  et  al.  [72]  reported 
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a  peak  nobility  at  20  I  for  dj  -  90  L  at  77'  I  and  100  X  fof  dj  •  75  X,  and 
at  175  X  and  300  X  for  dj  «  60  A*  The  AlAa  sola  fraction  was  z  **  0.30. 

Morkoc  and  eo-vorkers  haya  raportad  raanlts  from  several  different 
stndiaa  [66,6 8,69*74]  on  single-period  saaplea  with  z  “  0.25  and  0.33.  and 
three-period  saaplea  with  z  “  0.20.  Although  their  findings  varied 
soaewhat,  in  general  the  single-period  structures  had  peak  77  X  aobilities 
for  50  X  <  dA  £  100  1  with  a  tendency  for  the  peak  nobilities  of  the 
z  *  0.33  aaterial  to  occur  at  saaller  d^  values  than  for  the  z  “  0.25 
aaterial.  The  300  X  aobilities  tended  to  peak  near  d^  ■  JO  A  for  both  the 
one-  and  three-period  structures  and  the  peak  77  X  nobility  for  the  three-  r 

period  structure  occurred  at  d^  -  150  A» 

A  study  by  StSraer  et  al.  [70]  on  saaples  with  15  to  23  periods  and 
z  -  0.12.  shoved  a  steady  increase  of  nobility  with  increasing  undoped-layer 
thickness  through  *  150  A.  which  was  the  largest  spacing  investigated. 

On  the  basis  of  this  data  they  were  led  to  ezpect  higher  aobilities  through 
further  increase  in  the  width  of  the  undoped  AlGaAs  spacers. 

The  large  variance  in  the  characteristics  of  the  samples  studied  by  the 
different  research  laboratories  Bakes  it  hard  to  efficiently  compare  the 
results,  but  some  trends  do  seem  to  be  visible.  First  of  all,  single-period 
structures  usually  have  a  peak  in  the  low-temperature  mobility  near 
dj  *  7J  A  with  the  300  X  mobility  peak  occurring  at  a  slightly  lower 
intrinsic-layer  thickness.  Typical  results  are  pictured  in  Fig.  2.6  for 
z  =  0.25  and  Fig.  2.7  for  z  -  0.33  [66].  In  both  figures  the  electron 

mobility  is  seen  to  reach  its  maximum  value  at  an  intrinsic-layer  thickness 
of  -  75  X  for  77  X  and  ~  50  X  for  300  E.  In  the  case  of  multiple  periods, 
the  low-temperature  peak  mobility  usually  occurs  at  significantly  larger 


) 


(v 


ro 

O  iiUI 


°  10 


x  =  0.25 
o  78  K 
a  300K 


Fig .  2.6: 
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Electron  mobility  of  Al^  25^0  75^s/GaAs  modulation-doped 
heterostructures  as  a  function  of  AlCaAs  undoped  layer 
thickness  d.  at  the  interface  at  78  K  and  300  K  [66]. 
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Fig.  2.7:  Electron  mobility  of  Al^  33Cag  £7As/GaAs  hetero¬ 
structures  as  a  function  of  at  78  K  and  300  K 
as  in  Fig.  2.6  [66]  . 
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intrinsic-layer  widths  than  for  single  periods.  An  ezaaple  is  shown  in 
Fig.  2.8  where  the  77  K  nobility  peak  ocnrs  at  dj  •»  iso  X  for  a  three-period 
heterostroctnre  with  z  ■  0.20. 

2. 4. 2. 2  Inf lnence  pi  AlAs  Mole  FftStjop 

The  AlAs  sole  fraction  z  in  the  Al^Gaj_xAs  naterial  determines  the 
conduction  band-edge  discontinuity  (Eq.  (2.2))  at  the  GaAs-AlzGa^_zAs 
heterojunction  interface.  The  transfer  of  charge  froai  the  doped  AlGaAs  to 
the  undoped  GaAs  is  very  senstive  to  the  conduction-band  discontinuity  and 
is  ezpected  to  increase  rapidly  with  z  up  to  the  direct-indirect  cross-over 
(x  «  0.45)  [54].  This  is  because  an  increase  in  the  conduction-band 
discontinuity  causes  a  thicker  depletion  layer  in  the  AlGaAs  as  was  seen  in 
Fig.  2.3. 

To  separate  the  influence  of  the  A1  concentration  on  the  mobility  from 
that  due  to  different  electron  densities.  SttSrmer  et  al.  [75]  compared  the 
mobility  of  a  series  of  wafers  with  Al  concentrations  in  the  range 
0.12  <  z  £  0.31  all  with  the  same  electron  densities  in  the  GaAs.  A  low- 
temperature  persistent-photoconductive  (ppc)  effect  [6,75]  (to  be  discussed 
in  Chapter  5)  was  used  to  vary  the  electron  concentration  of  each  structure 
so  that  they  would  match.  It  was  reported  that  the  electron  concentrations 
could  be  varied  continuously  over  a  large  density  range  with  this  method. 
For  a  set  of  four  samples  with  equivalent  electron  densities  and  Al 
concentrations  of  x  =  0.12,  0.19,  0.29,  and  0.31  it  was  found  [75]  that  the 
mobility  increased  monotonically  with  decreasing  Al  concentration.  This 
surprising  dependence  can  be  due  to  the  interaction  of  several  competing 
characteristics.  In  general,  the  crystal  quality  of  AlGaAs  is  better  for 
low  Al  concentrations,  which  leads  to  a  better  interface  and  improves  the 
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Fig.  2.8: 


Electron  mobility  of  three-period  Al_.  .  As/GaAs 

modulation-doped  heterostructures  as  a  function  of 
intrinsic  AlGaAs  layer  thickness  d^  at  10  K,  77  K,  and 
300  K  [74] . 
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mobility.  However,  lower  A1  concentration  also  reduces  the  energetic  step 
in  the  conduction-band  edge  between  the  GaAs  and  AlGaAs,  allowing  the 
electron  wavefonction  to  penetrate  more  deeply  into  the  AlGaAs.  This  would 
cause  increased  scattering  and  reduced  electron  aobility.  The  results  of 
StOrmer  and  co-workers  in  this  case  indicate  that  the  aobility  alterations 
due  to  the  first  process  exceeded  those  due  to  the  second  at  least  under  the 
conditions  of  the  study. 

Another  study  reported  by  Druaunond  et  al.  [79]  involved  the  study  of 
the  AlAs  mole  fraction  in  the  range  0.18  <  x  £  1.00.  They  found  that  the 
mobility  at  10  K.  78  K,  and  300  K  increased  with  increasing  AlAs  mole 
fraction  to  reach  a  maximum  near  x  =  0.40  and  then  decreased  for  higher 
values  of  x.  Note  that  the  peak  mobility  was  achieved  at  an  AlAs  mole 
fraction  (x  »  0.40)  near  the  direct-indirect  band  gap  region.  In  this 
study,  the  electron  concentration  was  not  held  constant  and  it  was  found 
that  the  sheet  carrier  concentration  at  10  K,  78  K,  and  300  K  dropped  as 
expected  as  x  was  increased  for  0.18  <  x  i  0.38.  The  decrease  in 
concentration  at  300  K  was  more  pronounced  than  that  at  78  K  and  10  K.  This 
was  attributed  to  low-field  parallel  conduction  [42]  through  the  AlGaAs 
layer  by  electrons  that  did  not  transfer  into  the  GaAs  layer,  particularly 
for  small  AlAs  mole  fractions.  At  300  K  more  of  the  carriers  remaining  in 
the  AlGaAs  can  contribute  to  parallel  conduction,  whereas  at  10  K  and  77  K 
those  electrons  remaining  in  the  AlGaAs  are  frozen  out.  This  results  in  an 
additional  increase  in  the  measured  carrier  concentration  a:  300  K  as 
compared  to  low  temperatures  for  small  AlAs  mole  fractions. 

It  was  reported  by  Drummond  et  al.  that  the  energy  of  the  Si  donor 
level  in  AlGaAs  measured  from  the  conduction  band  increases  substantially  as 
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x  is  increased  [79].  A  sharp  increase  in  donor  ionization  energy  above 
x  *  0.30  has  also  been  reported  by  Glev  and  Halberstadt  [54]. 


2. 4. 2. 3  Subband  Strnc 


lileglA 


The  existence  of  a  two-dimensional  electron  gas  (2DEG)  in  the  nndoped 
GaAs  layer  near  the  interface  has  been  experimentally  demonstrated  on  many 
occasions  by  observing  the  orientational  dependence  of  a  magnetic  field  nsed 
to  make  Shubnikov-deHaas  (SdH)  measurements  [6,7.52,59,60,80,81].  It  has 
been  calculated  from  experimental  evidence  that  the  width  of  the  potential 
well  at  the  interface  is  roughly  100  X  [6,52]  and  measurements  indicate  that 
one  [52,80]  or  two  [59,81]  of  the  subbands  formed  in  the  well  are  occupied. 
Fig.  2.3  depicts  the  20EG  formed  at  the  interface  with  two  subbands  formed 
below  the  Fermi  level. 


Mori  and  Ando  [8,9]  have  calculated  mobilities  for  the  electron  motion 
parallel  to  the  layers  in  modulation-doped  GaAs-Al^Ga^^As  superlattices 
including  band  bending  and  the  subband  structure.  The  subband  structures 
were  calculated  by  a  variational  method  and  the  charge-transfer  effect  was 
considered  sel f-consistently  in  th<.  Hartree  approximation.  The  mobility  was 
calculated  by  solving  coupled  Boltzmann  equations  and  intersubband- 
scattering  effects  were  included  when  the  higher  of  the  two  subbands  was 
occupied.  It  was  found  that  when  the  excited  (upper)  subban.-  was  occupied 
by  electrons,  the  mobility  was  reduced  by  the  intersubband  scattering. 


Experimental  evidence  of  mobility  reduction  due  to  intersubband 
scattering  has  been  demonstrated  recently  [60,75,81].  The  latest  of  these 
studies  [81]  made  use  of  an  electrode  attached  to  the  backside  of  the  sample 
to  conveniently  vary  the  electron  concentration  in  a  modulation-doped 


he tcrostructure.  This  conf igaration  allows  one  to  sweep  the  carrier 
concentration  and  in  tarn  the  Fermi  level  continuously  through  the 
transition  from  one-sabband  population  to  two-subband  population.  In  order 
to  investigate  electron  scattering  as  a  function  of  density  and  subband 
population,  standard  Hall  and  conductivity  experiments  were  performed 
simultaneously  with  magnetoresistance  measurements.  A  sharp  drop  in  the 
Hall  mobility  p^  was  measured  when  a  second  subband  began  to  be  occupied  as 
determined  by  magnetoresistance  data.  This  abrupt  drop  in  mobility  was  not 
observed  in  samples  where  a  second  subband  could  not  be  occupied. 
Consequently,  the  drop  in  mobility  was  interpreted  as  the  onset  of 
intersubband  scattering  which  increases  the  scattering  rate  for  the  two- 
dimensional  carriers.  The  experimental  observations  qualitatively 
reproduced  all  features  of  the  density  dependence  of  the  mobility  in  the 
transistion  regime  where  p^  generally  increases  with  increasing  carrier 
concentration.  This  dependence  is  a  result  of  improved  screening  of  the 
ionized  impurities  which  remain  the  major  source  of  electron  scattering.  At 
thj  onset  of  two-subband  conduction  p^  of  the  ground  subband  drops 
considerably  due  to  the  onset  of  intersubband  scattering.  The  theoretical 
mobility  variation  at  the  transition  point  is  discontinuous,  but 
experimentally  it  was  found  that  although  the  transition  occurred  over  a 
narrow  density  range,  it  was  nevertheless  smooth.  It  was  suggested  that  a 
finite  energetic  width  of  the  excited  subband  smears  out  the  transition. 

2. 4. 2. 4  Influence  of  Doped  AlGaAs  Laver  Parameters 

It  has  been  found  that  the  width  and  doping  level  of  the  doped 
A1xCal-xAs  la7ers  *>11  significantly  affect  the  electrical  properties  of  the 


he te restructures . 
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For  one  study  [73,74]  a  series  of  three-period  structures  were  prepared 
and  the  thickness  t  of  the  doped  AlGaAs  was  varied  from  ISO  X  to  1000  X  in 
order  to  determine  the  effect  of  the  layer  thickness  on  the  measured  Hall 
mobility  of  the  structures.  Fig.  2.4  depicts  the  estimated  conduction  band 
diagram  of  the  three-period  GaAs-Al^Ga^_xAs  heterostructure  with  x  =  0.20. 
The  GaAs  layer  widths  were  each  1000  X  and  the  intrinsic  AlGaAs  widths  were 
150  X.  Since  the  thickness  of  the  Si-doped  (7  x  10^  cm~^)  AlGaAs  was 
varied  between  150  X  and  1000  X,  its  band  diagram  will  also  change  somewhat. 
For  the  thicker  layers  (t  ~  1000  X)  the  center  of  the  doped  AlGaAs  layers 
will  be  wider  and  more  flat,  and  there  will  be  more  electrons  left  in  the 
center  that  do  not  transfer.  These  electrons,  associated  with  ionized 
donors  in  the  center  of  the  AlGaAs  layers  (particularly  for  thicker  layers), 
are  shown  as  dots  in  Fig.  2.4. 

It  was  found  that  the  mobility  measured  by  van  der  Pauw-Hall  techniques 
was  relatively  independent  of  the  AlGaAs  thickness  t  for  values  of 
t  £  500  A.  For  t  =  1000  X.  particularly  at  300  K,  the  electron  mobility  was 
seen  to  decrease  as  shown  in  Fig.  2.9.  This  decrease  was  attributed  to  the 
parallel  conduction  through  the  AlGaAs  by  electrons  that  do  not  transfer 
into  the  GaAs  layers.  The  electron  mobility  of  the  2DEG  in  the  GaAs 
channel,  however,  should  not  be  much  affected  by  the  remaining  electrons  in 
the  AlGaAs.  The  overall  mobility  and  electrical  characteristics  of  the 
structure  can  nevertheless  be  altered  significantly  when  the  AlGaAs  is  not 
depleted  of  electrons  and  parallel  conduction  in  the  AlGaAs  takes  place. 


For  instance,  if  the  AlGaAs  is  only  partially  depleted  of  electrons, 
the  characteristics  of  the  negative  differential  resistance  (NDR)  and 
related  device  phenomena  due  to  the  real-space  transfer  (RST)  mechanism 
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(mentioned  in  Chapter  1)  can  be  greatly  affected.  Since  the  magnitude  of 
the-  NDR  depends  on  the  relative  number  of  electrons  that  switch  from  the 
GaAs  to  the  AlGaAs  layers  at  high  fields,  it  is  necessary  to  deplete  the 
AlGaAs  initially  to  fully  enhance  the  NDR. 

In  the  structure  described  above  the  doping  in  the  AlGaAs  was  high 
(Nq  «  7  x  1017  cm-^)  and  the  AlAs  mole  fraction  was  only  x  =*  0.20.  Both  of 
these  factors  contributed  to  the  inability  to  deplete  the  AlGaAs  layers  that 
were  1000  X  thick.  Decreasing  the  doping  in  the  AlGaAs  and/or  increasing 
the  AlAs  mole  fraction  (to  enhance  electron  transfer)  should  increase  the 
depletion  of  electrons  in  the  AlGaAs  and  reduce  the  parallel  conduction. 
Device  characteristics  resulting  from  parallel  conduction  effects  will  be 
described  further  in  Chapter  5. 

A  second  study  [69]  was  performed  on  single-period  structures  with 

o 

x  =  0.25  and  d.  =  100  A.  The  thickness  of  the  doped  AlGaAs  was  varied 
between  1000  -  2000  X  (Np  *<  10*7  cm-^).  It  was  found  that  the  mobility  of 
the  structure  with  t  =  1500  X  was  larger  than  that  of  the  structures  with 
t  =  1000  X  or  2000  X  by  a  factor  of  3 .  It  was  suggested  that  the  mobility 
differences  may  be  due  to  the  amount  of  states  occupied  in  the  2DEG  subband 
structure. 

Note  that  x  =  0.25  was  25%  higher  and  »  2  x  10*  7  cm-^  was  r. ut  3 
times  lower  in  this  second  study  than  the  corresponding  parameters  of  the 
wafers  in  the  first  study.  Then,  for  all  other  factors  being  about  equal, 
it  is  possible  that  up  to  2000  X  of  the  AlGaAs  in  the  second  study  was 
depleted  of  electrons  whereas  1000  X  of  the  AlGaAs  in  the  first  study  was 
not  depleted.  This  is  a  good  example  of  the  importance  of  the  relationship 
among  the  doping  level  Np^  the  AlAs  mole  fraction  x,  and  the  doped  AlxGaj_ 


zAs  layer  width  t. 

2. 4. 2. 5  Inf loence  of  GaAs  Laver  Parameters 

The  width  of  the  unintentionally-doped  GaAs  layers  and  the  amount  of 
their  background  doping  can  have  an  important  effect  on  the  mobility  of  a 
modulation-doped  GaAs-Al^Ga^.^s  heterostructure.  The  influence  of  the  GaAs 
layer  width  on  the  mobility  in  nine-period  structures  has  been  recently 
reported  [74].  In  these  structures  the  intrinsic  AlGaAs  thickness  was 
d^  =  75  A»  the  doped  (7  z  lO1^  cm~^)  AlGaAs  layer  thickness  was  1000  X,  and 
the  AlAs  mole  fraction  was  z  *  0.26.  The  electron  mobilities  at  10  K,  78  K, 
and  300  K  were  measured  for  five  samples  with  the  GaAs  layer  thickness 
ranging  from  500  X  to  1500  X.  The  results  of  these  measurements  are 
presented  in  Fig.  2.10.  It  is  obvious  that  the  mobility  increased  rapidly 
with  increasng  thickness  up  to  1100  X  after  which  it  began  to  saturate. 
This  may  be  an  indication  of  the  eztent  of  the  bending  of  the  conduction- 
band  edge  in  the  GaAs.  For  GaAs  layers  much  thinner  than  1500  X  it  was 
speculated  that  the  band  bending  away  from  adjacent  interfaces  will  overlap, 
affecting  the  shape  of  the  potential  well  at  the  interface  and  consequently, 
the  mobility.  In  any  event,  for  small  GaAs  thicknesses,  the  influence  of 
the  ionized  donors  in  the  nearby  AlGaAs  on  the  electron  mobility  in  the  well 
(via  a  Coulomb  interaction)  will  be  more  significant  than  in  larger  GaAs 
thicknesses.  In  addition,  the  amount  of  charge  that  can  be  transferred  from 
the  AlGaAs  to  the  potential  well  in  the  GaAs  (and  hence  the  eztent  of  the 
band  bending)  will  be  less  in  the  thinner  GaAs  layers.  Both  of  these 
factors  reduce  the  mobility  for  smaller  GaAs  thicknesses. 

The  influence  of  the  magnitude  of  the  unintentional  doping  in  the  GaAs 


is  fairly  obvious.  The  whole  principle  of  enhanced  mobility  from  modulation 
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Fig.  2.10: 
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modulation-doped  Al„  „^Ga„  -,,As/GaAs  heterostructures  at 
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10  K,  78  K,  and  300  K  [74]  . 


doping,  stems  from  the  concept  that  the  carriers  transfer  to  a  region 
(ondoped  GaAs)  where  there  are  fewer  imparities  to  scatter  the  electrons  at 
low  temperatures .  If  the  imparity  concentration  in  the  GaAs  is  inreased 
then  ionized-impnrity  scattering  will  also  increase  and  the  mobility  will 
decrease.  Similarly,  decreasing  the  backgronnd-imparity  concentration  in 
the  GaAs  will  increase  the  mobility  particularly  at  low  temperatures. 

A  recent  study  was  reported  [82]  in  which  the  GaAs  layers  of  several 
samples  were  intentionally  doped  with  different  concentrations  of 
impurities.  As  expected,  it  was  found  that  the  mobility  of  structures 
decreased  monotonically  with  an  increasing  concentration  of  background 
impurities  in  the  GaAs. 

2. 4. 2. 6  Substrate  Growth  Temperature  Effects 

It  has  been  reported  that  the  quality  of  the  GaAs-Al^Gaj^As  interface 
is  strongly  dependent  on  the  substrate  temperature  during  growth  [83,84].  A 
recent  study  [76]  has  been  made  of  the  effect  of  the  substrate  growth 
temperatures  on  the  mobility  in  modulation-doped  GaAs-Al^Ga^^As  samples. 
The  structure  used  to  study  the  effect  consisted  of  a  1  pm  GaAs  buffer  layer 
separated  from  a  1500  X  doped  Al^  jGsq  -yAs  layer  by  a  75  A  undoped  region  of 
A1q  jGa0  <yAs .  The  75  A  thickness  was  chosen  because  it  optimizes  the 
mobility  enhancement  in  single-period  structures  as  discussed  in  Section 
2. 4. 2.1.  The  AlGaAs  was  doped  to  a  level  of  about  8  x  10*^  cm"^  with  Si. 

While  high  quality  GaAs  can  be  grown  at  about  6C0°vJ..  the  quality  of 


AlGaAs  layers  improves  when  the  substrate  temperature  is  increased  above 
600°C.  Consequently,  the  substrate  growth  temperatures  used  for  this  study 
ranged  from  580°C  to  750°C.  The  mobility  of  the  resulting  layers  was 


characterized  by  van  der  Pauw-Hall  measurements  between  10  K  and  300  K.  It 
was  foond  that  the  aobilities  reaained  high  and  stable  throughout  the 
substrate-temperature  range  600  -  675°C.  But  below  600°C  and  above  675°C, 
the  nobility  decreased  significantly.  It  was  suggested  that  the  observed 
reduction  in  nobility  above  675°C  was  a  result  of  aicroscopic  degradation  of 
structural  properties  of  the  heterointerface.  Soae  of  these  factors  are 
discussed  in  the  following  section. 

2.4.3  Interface  Quality 

Throughout  the  previous  sections  on  mobility  enhancement  it  was  assumed 
that  the  GaAs-AlGaAs  interface  was  of  sufficiently  high  quality  for 
electrons  to  transfer  freely  across  the  interface  to  the  high-mobility 
channel  in  the  GaAs  and  form  a  two-dimensional  electron  gas  (2DEG) .  In 
several  cases,  studies  for  interface  states  have  reported  that  the  GaAs- 
AlGaAs  interface  is  indeed  nearly  ideal.  One  study  [85]  reported  no 
evidence  whatsoever  for  any  traps  or  recombination  centers  associated  with 
LPE-grown  interfaces.  Another  study  of  MBE-grown  structures  examined 
optically,  concluded  that  there  was  no  evidence  for  alloy  clustering  in  the 
material  [86].  Evidence  of  alloy  clustering,  however,  has  been  noted  by 
other  researchers  in  both  M0CVD  and  MBE  heterostructures. 

It  has  been  reported  that  at  interfaces  where  the  undoped  GaAs  layer 
has  been  grown  by  MBE  on  top  of  the  doped  AlGaAs  layer,  a  2DEG  could  not  be 
obtained,  or  even  if  it  did  exist,  showed  very  inferior  transport  properties 
[10,69,74,87-92].  Structures  grown  by  LPE,  on  the  other  hand,  did  not  seem 
to  contain  this  problem  [52].  This  suggests  that  the  poor-quality  interface 
is  due  to  some  inherent  difficulty  in  the  directionality  of  the  MBE  growth 


procedure . 
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The  inferior-quality  interface  has  appeared  in  both  single-  (where  the 
GaAs  is  grown  on  the  AlGaAs)  and  aultiple-period  saaples.  In  one  study  [74] 
on  a  variety  of  structures  it  was  discovered  that  the  interface  carrier 
concentration  at  10  K  for  three-period  structures  was  about  three  tiaes  that 
of  single-period  structures  (AlGaAs  on  GaAs)  with  the  saae  paraaeters.  For 
nine-period  structures  the  sheet  carrier  concentrations  were  alaost  nine 
tiaes  those  of  siailarly  grown  single-period  structures.  This  indicates 
that  there  is  a  2DEG  at  only  one  of  the  interfaces  for  each  additional 
period.  If  the  aobility  enhancement  were  taking  place  on  both  sides  of  the 
doped  AlGaAs  layers,  the  sheet  carrier  concentrations  would  increase  5  and 
17  times  in  the  three-  and  nine-period  structures,  respectively. 

As  discussed  in  the  previous  section,  the  quality  of  the  AlGaAs  surface 
improves  at  higher  temperatures.  This  has  sparked  several  studies  to 
investigate  the  influence  of  growth  temperature  on  the  mobility  of 
"inverted"  single-period  structures  where  the  undoped  GaAs  layer  is  on  top 
of  the  doped  AlGaAs.  One  study  [88-90]  compared  the  mobility 
characteristics  of  both  "inverted"  and  "normal"  single-period  structures 
over  a  range  of  growth  temperatures.  The  single-period  modulation-doped 
GaAs-Al^Gaj.-.jAs  structures  were  grown  by  MBE  in  a  substrate  growth 
temperature  range  of  580  -  770°C  for  normal  structures  (having  AlGaAs  on  top 
of  GaAs)  and  in  the  range  of  600  -  770°C  for  inverted  structures  (having 
GaAs  on  top  of  AlGaAs).  The  AlAs  mole  fraction  was  x  =  0.30.  The  reader  is 
referred  to  any  one  of  the  three  referenced  papers  for  full  details  of  the 
growth  procedures.  Results  showed  that  average  78  K  mobilities  of  about 
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90,000  cm*/Vs  were  obtained  in  the  normal  structures  for  the  growth  range 
600  -  680°C.  Above  680°C,  some  degradation  in  mobility  was  observed. 
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inverted  structures,  on  the  other  hand*  exhibited  a  very  strong  dependence 
on  the  substrate  temperature.  In  the  range  600  -  675°C  there  was  no 
mobility  enhancement  and  the  78  E  mobility  of  the  inverted  structures  did 
not  exceed  2000  cm^/Vs.  The  mobility  increased  dramatically  at  700°C  to  a 
peak  of  about  8500  cm^/Vs,  which  is  about  twice  that  of  bulk  GaAs  with  an 
equivalent  carrier  concentration.  Above  700°C  the  78  E  mobility  was  found 
to  degrade  monotonical ly  up  to  770°C. 

The  sharp  dependence  of  electron  mobility  in  the  inverted  structures  on 
growth  temperature  indicates  that  the  interfacial  properties  vary  quite 
substantially  when  GaAs  is  grown  on  AlGaAs.  The  best  interface  seemed  to 
occur  for  a  growth  temperature  of  700°C  which  agrees  quite  remarkably  with 
the  690°C  best  value  reported  by  Weisbuch  et  al.  [84]  using 
photoluminescence  measurements.  It  was  suggested  that  the  low  mobilities 
obtained  in  the  inverted  structures  for  substrate  temperatures  below  675°C 
were  possibly  due  to  metallurgical  roughness  at  the  interface  and/or 
possible  vacancies.  The  surface  mobility  of  Al  is  greatly  reduced  below  the 
congruent  evaporation  temperature  of  AlAs  (700°C) ,  which  can  result  in  an 
imperfect  seeding  mechanism  during  the  AlGaAs  growth.  This  imperfection  can 
lead  to  a  metal lurgical ly-rough  AlGaAs  surface  and  thus,  a  rough  interface 
when  the  GaAs  is  grown  on  top.  Another  mechanism  that  might  have  caused  the 
low  mobilities  below  675°C  was  the  possible  formation  of  group  III  vacancies 
(most  likely  Al)  and  also  probably  arsenic  interstitials.  This  is  thought 
to  be  caused  [91]  by  excess  arsenic  on  the  surface  during  growth,  which 
decreases  the  surface-diffusion  lengths  of  group-III  atoms,  thereby 
inhibiting  their  incorporation  into  the  lattice.  The  Al-As  bond  is  stronger 
than  that  of  Ga-As;  therefore  excess  arsenic  is  more  likely  to  be  held  by  Al 
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while  it  becomes  buried  in  the  growing  layer.  These  two  problems  are  reduced 
by  increasing  the  snbstrate  temperature  which  causes  arsenic  to  desorb  from 
the  surface  at  an  increased  rate. 

The  influence  of  substrate  growth  temperature  for  the  GaAs  on  AlGaAs 
interface  in  three-period  structures  has  also  been  investigated  [92].  It 
was  found  that  the  current-voltage  characteristics  improved  when  the  growth 
temperature  was  increased  from  600°C  to  680°C.  Although  the  electrical 
properties  of  the  GaAs  on  AlGaAs  interface  were  improved,  the  mobility  was 
still  much  lower  than  that  of  the  AlGaAs  on  GaAs  interface.  The  improvement 
in  the  low-field  current  characteristics  of  these  three-period  structures 
grown  at  680°C  will  be  discussed  more  thoroughly  in  Chapter  4. 

2 .5  Summary 

In  this  chapter  the  author  has  attempted  to  draw  attention  to  many  of 
the  important  factors  that  determine  the  electrical  characteristics  of 
GaAs-AliGa1_xAs  heterolayers.  The  basic  structure  of  a  modulation-doped 
sample  as  well  as  the  mechanism  by  which  the  electrons  transfer  layers  to 
form  a  high-mobility  region  near  the  interface  has  been  discussed  at  length. 
The  development  of  a  two-dimensional  electron  gas  in  the  GaAs  was  seen  to  be 
highly  dependent  on  the  interface  quality  and  other  factors  relating  to 
growth.  The  importance  of  parameters  such  as  the  AlAs  mole  fraction, 
individual  layer  widths,  and  doping  concentrations  in  determining  the 
electron  mobility  in  each  layer,  as  well  as  the  whole  structure,  has  been 
emphasized.  It  is  the  relative  sizes  of  these  mobilities  that  will  most 
strongly  affect  the  electron-transport  characteristics  of  devices  made  from 
these  heterostructures  when  electric  fields  are  applied  parallel  to  the 
layers.  The  results  of  the  field-induced  transport  characteristics 


;nted  in  the  following  chapters  will  further  illustrate  the  influence  of 
growth  paraaieters  discussed  so  far  and  will  also  illustrate  the 
ditional  interesting  electrical  characteristics  that  can  be  created 
hrough  various  device-fabrication  techniques. 
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3.  EXPERIMENTAL  PROCEDURES 
3 .1  Preparation  of  Test  Sg  tap  jog 

All  modulation-doped  GaAs-Al^Ga^.jAs  heterostructure  samples  measured 
in  this  research  project  were  grown  by  MBE  or  MOCVD  and  had  layer 
configurations  of  the  type  described  in  Sections  2.3.1  and  2.3.2.  The  test 
samples  were  cleaved  from  wafers  and  the  surfaces  prepared  by  standard 
methods  of  ultrasonic  cleaning  in  solvents  and  deionized  water.  Sometimes 
the  samples  were  also  rinsed  for  a  short  while  in  buffered  hydroflouric  acid 
to  remove  any  thin  native  oxide  that  had  grown  on  the  top  surface.  This 
oxide  removal  procedure  was  performed  most  frequently  for  heterostructure 
wafers  where  the  top  surface  consisted  of  an  AlGaAs  layer  rather  than  the 
usual  GaAs  cap  layer. 

3.1.1  Etching  of  Special  Device  Patterns 

Some  samples  had  conducting  layers  etched  from  the  top  surface  in  a 
specific  pattern  to  obtain  a  special  device  structure.  The  regions  to  be 
left  unetched  were  masked  with  black  wax  or  AZ  1330  photoresist  that  was 
photoli thographical ly  defined  using  standard  methods.  The  etching  was  done 
by  immersing  the  sample  in  a  solution  of  sulfuric  acid  (BjSOj) ,  hydrogen 
peroxide  (H202) ,  and  deionized  water  (H20)  at  a  predetermined  temperature. 
The  temperature  of  the  etching  solution  and  the  ratios  of  its  three 
components  was  varied  according  to  the  etch  rate  and  type  of  etched 
structure  desired.  One  etching  solution  used  frequently  to  etch  mesa-shaped 
structures  consisted  of  H2S04 :H202 :H20  in  the  ratio  20:1:1.  The  etch  rate 
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of  this  mixture  was  approximately  1  pm/min  at  18°C  (etch  rate  varied 
somewhat  from  one  structure  to  another  depending  on  the  growth  parameters  of 
the  structures). 

3.1.2  Metal  Deposition  for  Ohmic  Contacts 

The  metals  used  to  form  ohmic  contacts  on  the  samples  were  generally 
heated  to  evaporation  temperature  in  a  tungsten  boat  in  a  vacuum  of  5  x  10~^ 
Torr  or  better.  The  evaporants  were  deposited  on  the  top  surface  of  the 
sample  structure  which  was  suspended  upside  down  above  the  heated  metal 
sources.  The  pattern  of  the  contact  metals  deposited  on  the  semiconductor 
surface  was  controlled  by  masking  the  sample  surface  with 
photolithographically  patterned  photoresist  layers  and  using  a  metal-liftoff 
procedure,  or  by  placing  a  metal  shadow  mask  directly  in  front  of  the 
semiconductor  surface. 

The  metal  combination  deposited  most  frequently  to  form  the  ohmic 
contacts  consisted  of  an  initial  layer  of  AuGe  (in  its  eutectic  mixture  of 
88%  and  12%.  respectively)  of  approximately  1500  X  followed  by  a  thin  layer 
(~  400  X)  of  Ni.  In  1  ater  portions  of  the  research  the  author  also  used 
vacuum  deposited  contacts  of  AuSn  in  their  eutectic  composition.  For  one 
portion  of  this  work,  low-field  measurements  were  also  performed  on  samples 
with  ohmic  contacts  formed  from  Sn  dots  [34,74,92].  Of  the  metal 
combinations  listed  above,  it  is  the  AuGeNi  system  that  has  been  the  most 
widely  used  and  studied  in  the  literature  [93-102].  Some  of  these  reported 
findings  will  be  presented  in  the  next  section. 


3  .1 .3  Allwiai  fii  Sintering  at  Contacts 

After  the  contact  metals  were  deposited  on  the  top  surface  of  the 
samples  (and  metal  liftoff  performed  if  necessary),  the  device  structures 
were  placed  on  a  grapnite  strip  and  heated  in  flowing  H^.  Nearly  all  of  the 
samples  were  alloyed  at  approximately  450°C  for  times  ranging  up  to  two 
minutes.  The  alloy  times  were  kept  to  a  minimum  because  it  has  been  shown 
that  increasing  the  high-temperature  alloy  time  causes  an  increase  in  the 
contact  resistance  [96].  The  heating  rise  time  of  the  heater  strip  was 
about  1.5  min  with  a  fall  time  of  approximately  20  sec. 

Several  recent  papers  [93-97]  have  reported  investigations  of  the 
me  allurgical  structure  and  electrical  properties  of  these  alloyed  contacts 
on  GaAs.  Although  the  diffusion,  redistribution  and  recrystallization  of 
Au,  Ge,  Ni,  Ga,  and  As  after  alloying  is  extremely  complicated  and  not  well 
understood,  it  is  generally  reported  that  a  large  amount  of  Ga  outdiffuses 
to  the  surface  during  the  alloying  process  [94,97].  Ge  is  an  amphoteric 
dopant  in  GaAs  but  it  has  been  shown  that  Ge  acts  as  a  donor  in  GaAs  when 
excess  As  is  present  [103].  Thus,  due  to  the  outdiffusion  of  Ga  to  form 
AuGa  regions  at  the  surface,  the  Ge  can  indiffuse  to  occupy  the  vacated  Ga 
sites  and  form  an  n+  region  under  the  contact. 

The  thin  Ni  layer  prevents  balling  of  the  AuGe  during  alloying  and 
helps  to  improve  the  surface  morphology,  although  the  resulting  morphology 
after  alloying  is  never  very  uniform.  The  surface  of  the  alloyed  contact 
typically  contains  dark  clusters,  a  half  micron  to  a  few  microns  in  size, 
surrounded  by  lighter  regions  of  AuGa.  The  dark  clusters  have  been 
identified  as  being  rich  in  Ge  and  Ni  [93,95],  The  indiffusion  of  Ge  is 
believed  to  be  greatly  enhanced  by  the  presence  of  the  Ni.  By  itself,  Ge 
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does  not  diffuse  very  deeply  daring  the  heating  process ,  bat  Ge  in  the 
presence  of  Ni  can  diffuse  (together  with  the  Ni)  to  a  few  thousand 
angstroms  into  the  GaAs  during  a  long  alloy  period  [95]. 

It  has  recently  been  reported  [101-102]  that  an  improvement  in  contact 
properties  with  good  surface  morphology  can  be  obtained  by  sintering  at  low 
temperatures  (275  -  330°C)  below  the  eutectic  temperature  of  the  AuGe.  When 
sintering  at  low  temperatures  it  was  reported  that  the  use  of  a  Ni  overlay 
was  unnecessary  to  prevent  balling  of  the  AuGe  contact  surface. 

To  investigate  this  idea,  the  author  prepared  several  heterostructure 
test  devices  with  only  AuGe  vacuum  deposited  as  the  contact  material.  These 
samples  were  sintered  at  320°C  in  flowing  until  the  contacts  became  ohmic 
(usually  15  min  -  30  min).  It  was  found,  however,  that  the  surface  of  the 
contacts  became  very  rough  due  to  balling  of  the  contact  materials.  So  from 
the  standpoint  of  surface  morphology  improvement,  there  appeared  to  be  no 
advantage  in  using  the  long-time  sinter  approach  instead  of  the  conventional 
alloy  approach  for  the  GaAs-AlGaAs  heterostructures  being  studied.  As  will 
be  shown  in  the  following  section,  however,  low-temperature  sintering  for 
long  periods  of  time  caused  the  contact  constituents  to  diffuse  to  much 
greater  depths  in  the  heterolayers  than  short-time  high-temperature 
alloying. 

3.1.4  Contac t  Penetrat ion  Depth  Purine  Heating 

During  the  alloy  (or  sinter)  heating  period  the  contact  constituents 
such  as  Au,  Ge ,  and  Ni  diffuse  down  from  the  top  surface  into  the  epitaxial 
layers  below.  The  diffusion  depth  of  the  contact  materials  depends  on  the 
temperature  and  the  length  of  time  the  heating  process  lasts.  When  a 
voltage  is  applied  between  two  diffused  contacts,  a  lateral  electric  field 


will  exist  between  these  contacts  in  the  layers  that  have  been  penetrated  by 
the  contact  materials.  This  electric  field  will  be  oriented  mainly  parallel 
to  the  layer  interfaces. 

Since  some  of  the  heterostrnctnres  studied  have  many  periods  of 
modulation-doped  layers,  it  is  important  to  know  whether  all  of  these  layers 
are  actually  contacted  when  a  particular  alloying  process  has  been 
performed.  One  would  thus  like  to  determine  approximately  how  far  the 
contacts  diffuse  for  a  given  alloy  temperature  and  time.  Information  of 
this  sort  has  been  published  very  little  in  the  past  since  for  a  single¬ 
layer  GaAs  device  the  contact  depth  was  not  very  important.  It  was 
therefore  necessary  to  measure  the  contact  penetration  depths  in  several 
heterostructures  ourselves  for  various  alloy  times.  The  depth  profiles  of 
the  contact  materials  were  measured  using  the  technique  of  secondary  ion 
mass  spectrometry  (SIMS). 

3. 1.4.1  Secondary  Ion  Mass  Spectrometry  (SIMS) 

This  technique  makes  use  of  ion  beam  sputtering  to  generate  sputter- 
ejected  material  to  be  analyzed.  The  sample  surface  is  sputtered  with  a 
primary  beam  of  ions,  such  as  Ar+,  or  Cs+.  Scanning  plates  are  used  to 
raster  the  primary  ion  beam  across  the  sample  surface  oyer  an  area  larger 
than  that  used  for  analysis,  with  typical  crater  dimensions  varying  from 
50  -  500  pm  on  a  side.  The  sputtered  atoms  which  become  ionized  (i.e., 
secondary  ions)  are  extracted  and  transported  by  a  special  set  of  lenses  to 
a  double-focusing  mass  spectrometer.  Through  proper  use  of  an  aperture, 
only  those  ions  originating  from  the  flat-bottomed  center  of  the  sputtered 
crater  give  rise  to  the  detected  signal,  thereby  rejecting  ions  from  the 
sloping  crater  walls  which  would  adversely  degrade  depth  resolution.  Under 
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well-controlled  conditions*  the  current  produced  by  the  secondary  ions  at 
the  output  of  the  mass-analyzer  detection  system  is  proportional  to  the 
concentration  of  the  investigated  species  in  the  sample.  Plotting  the 
secondary  ion  current  versus  time  during  sputtering  produces  a  concentration 
profile  of  the  atomic  species  being  studied.  A  schematic  diagram  of  the 
CAMECA  IMS-3 f  system  used  during  the  SIMS  studies  is  shown  in  Fig.  3.1.  The 
direct  imaging  (ion  microscope)  mass  analyzer  consists  principally  of  four 
main  parts:  an  ion  gun  to  produce  the  primary  ion  beam  that  sputters  the 
sample*  the  collection  optics  for  extraction  and  acceleration  of  the  emitted 
secondary  ions,  a  mass  and  energy  filtering  system  for  selecting  the  desired 
ion  species*  and  a  detection-display  system  for  observing  the  chosen 
secondary  ion  signal.  The  entire  apparatus  is  interfaced  to  a  small  desk¬ 
top  computer  (BP  9845B) .  A  more  detailed  discussion  of  this  system  and  its 
operation  is  available  elsewhere  [105]. 

3. 1.4. 2  Depth  Profiles 

For  the  profiles  measured  in  this  work,  the  primary  beam  was 
employed  with  currents  ranging  from  0.04  -  0.3  pA.  The  primary  beam  was 
rastered  over  an  area  of  250  x  250  microns.  The  collection  optics  were  set 
to  measure  the  ion  signals  for  Ga,  Al,  Ni,  Ge,  Au  and  As.  A  Sloan  Dektak 
mechanical  stylus  instrument  was  used  to  measure  the  resultant  crater 
depths.  These  depth  measurements  together  with  the  assumption  of  a  constant 
sputtering  rate  were  used  to  convert  the  sputtering  time  scale  to  a  depth 
scale . 

As  discussed  earlier*  the  surface  morphology  of  the  contacts  was  never 
particularly  good.  Dektak  profiles  across  the  contact  surface  indicated 
that  the  surface  was  fairly  rough  with  the  vertical  uneveness  sometimes 
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Fig.  3.1:  Schematic  representation  of  CAMECA  IMS-3f  direct 
imaging  secondary  ion  mass  spectrometer 
(after  [104]). 
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exceeding  1000  X.  This  means  that  vhen  the  material  was  being  spattered, 
the  primary  beam  in  one  spot  might  have  been  sputtering  ions  from  a 
different  depth  of  the  heterostructare  than  at  another  spot.  This  results 
in  secondary  ion  information  from  different  layers  being  detected  together, 
and  thus  the  information  from  adjacent  layers  was  often  averaged  together. 
This  can  be  seen  in  the  following  SIMS  profiles  where  the  distinct  location 
of  the  A1  in  only  the  AlGaAs  layers  has  been  smeared  out  through  much  of  the 
profile.  In  many  cases,  however,  the  location  of  the  AlGaAs  regions  were 
still  distinguishable.  Although  the  precise  location  of  all  the  contact 
constituents  in  the  heterostructure  will  be  somewhat  smeared  out  due  to  the 
contact  roughness,  it  is  still  possible  to  get  a  good  estimate  of  how  far 
the  different  materials  diffuse  into  the  semiconductor  before  they  drop  to 
their  background  concentrations  as  seen  below. 

The  depth  profile  for  a  three-period  MBE-grown  sample,  alloyed  at  450°C 
for  only  several  seconds,  is  shown  in  Fig.  3.2.  Each  period  consisted  of  a 
500  X  undoped  layer  of  GaAs,  followed  above  by  a  50  X  undoped  layer  of 
AlGaAs,  a  doped  500  X  layer  of  AlGaAs  and  a  second  50  X  undoped  layer  of 
AlGaAs.  The  AlAs  mole  fraction  was  x  »  0.17.  The  first  2000  X  on  the  left 
side  of  the  profile  in  Fig.  3.2  consisted  of  a  metallic  region  extending 
above  the  top  surface  of  the  semiconductor.  This  material  located  on  top  of 
the  heterostructure  was  labeled  the  "contact"  region  in  the  figure.  The 
narrow  peaks  of  A1  and  As  on  the  top  surface  of  the  contact  region  may  be 
due  to  the  outdiffusion  of  these  elements  during  alloying.  It  is  also 
possible  that  these  initial  peaks  were  just  an  artifact  from  a  previous 
sputtering  run  where  the  ion  gun  became  coated  by  these  materials.  From 
Fig.  3.2  it  is  seen  that  the  three  metal  contact  constituents  diffused 


SIMS  profiles  of  contact  material  diffusion  depths  in  a  three-period  MBE-grown  sample 
chat  was  alloyed  at  450°C  for  several  seconds. 
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3000  -  4000  X  into  the  semiconductor  before  their  concentrations  dropped  to 
the  background  level.  One  would  then  expect  that  the  ohmic  contact  region 
extends  at  least  2000  X  to  3000  X  into  the  heterostructure.  Hence,  just 
heating  a  sample  up  to  the  alloy  temperature  of  450°C  and  then  cooling  seems 
to  allow  sufficient  penetration  of  the  ohmic  contact  to  properly  contact  a 
typical  one-  or  two-period  structure. 

In  order  to  contact  more  periods  it  is  obviously  necessary  to  alloy  for 
longer  times.  Fig.  3.3  and  Fig.  3.4  show  the  effects  of  alloying  for  6  s 
and  16  s  respectively  at  4S0°C  in  a  nine-period  HOCVD-grown  heterostructure. 
Each  period  consisted  of  one  undoped  GaAs  layer  S0G  X  thick  and  one  doped 

A1xGal-xAs  (x  =  °*21)  Uyer  also  500  ^  thick*  14  is  see|1  in  Fi«*  3-3  that 
the  6  s  alloy  caused  the  Ni  and  Ge  to  diffuse  in  nearly  4000  X.  This 

closely  resembles  the  distribution  in  the  previously  shown  MBE  structure 

(Fig.  3.2)  with  a  similar  alloy  time. 

The  extended  penetration  of  the  Au  in  this  profile  is  most  likely  due 
to  the  resputtering  of  Au  that  fell  back  into  the  sputtered  crater,  rather 
than  an  actual  deeper  diffusion  of  the  Au  during  the  alloy  process.  Since 
the  atomic  mass  of  Au  is  much  greater  than  the  other  elements  being 
measured,  it  is  much  more  difficult  to  sputter  the  Au  completely  out  of  the 
crater.  Thus,  the  measured  concentration  of  Au  is  significantly  less  than 
that  of  Ni  and  Ge  during  the  first  portion  of  the  SIMS  profile  and  residual 
Au  left  in  the  crater  continues  to  be  resputtered  well  after  the  Ni  and  Ge 
have  been  depleted  at  greater  depths. 

Comparing  Fig.  3.4  to  Fig.  3.3  indicates  that  increasing  the  alloy  time 
from  6  s  to  16  s  causes  the  contact  penetration  depth  to  increase  by  another 
1000  -  2000  X  if  all  other  factors  were  equal.  This  would  probably  be  deep 
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metal  diffusion  depths  after  a  16  s  alloy 


enough  to  supply  ohmic  connections  to  the  top  four  periods  of  the 
heterostructure.  One  must  emphasize,  however,  that  this  is  only  an  estimate 
and  can  only  be  used  as  such  due  to  the  approximate  nature  of  the  data 
obtained.  In  order  to  fully  contact  all  nine  periods  of  this 
heterostructure  it  would  probably  be  necessary  to  alloy  at  45 0°C  for 
1  minute  or  longer. 

It  was  discovered  that  an  alternate  method  of  obtaining  deeply-diffused 
ohmic  contacts  could  be  realized  with  low- temperature  (275  -  330°C) 
sintering.  AuGe  contacts  were  sintered  at  320°C  in  a  three-period 
heterostructure  grown  by  MBE.  Each  period  contained  an  undoped  layer  1000  A 
thick  of  GaAs  and  a  250  X  doped  layer  of  Al^Ga1_xAs  (x  *  0.18).  The 
profiles  for  a  15  min  sinter  and  a  38  min  sinter  are  presented  in  Figures 
3.5  and  3.6,  respectively.  It  is  obvious  from  these  profiles  that  the  Au 
and  Ge  penetrate  much  more  deeply  in  this  case  than  in  the  previous  alloyed 
profiles.  Sintering  until  the  contact  became  ohmic  (15  min)  caused  an  ohmic 
contact  penetration  depth  of  £  1.5  pm,  whereas  38  min  gave  a  penetration 
depth  of  £  2.0  iim.  The  location  of  the  three  AlGaAs  layers  in  each  figure 
is  easily  discernible,  especially  in  Fig.  3.5,  by  the  three  bumps  in  the  A1 
prof ile . 

3.1.5  Sample  Mounting  for  Measurements 

Following  contact  evaporation  and  alloying,  individual  samples  were 
securely  mounted  in  nearly  all  cases  to  TO-18  (two  pin)  or  TO-5  (ten  pin) 
package  headers.  The  semi-insulating  substrate  of  each  sample  was  bonded  to 
the  gold-plated  header  surface  with  a  thin  layer  of  conductive  epoxy.  One- 
mil  gold  wires  were  connected  from  each  sample  contact  to  one  of  the  top 


header  posts  using  a  manual  thermocompression  wire  bonder. 


The  heat 


uepin  v/xm;  lp- 

SIMS  profiles  showing  contact  penetration  depth  following  a  15  min  sinter 
at  320°C  in  a  three-period  MBE  sample. 


S  profiles  for  a  38  min  sinter  at  320  C  in  the  same  GaAs-AlAs  heterostructure 
in  Fig.  3.5. 
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supplied  by  the  wire-bonder  workstage  was  snfficient  to  care  the  epoxy 
holding  the  sample  to  the  header.  The  resalting  sample  package  proved  to  be 
ragged,  reliable,  and  versatile  for  a  number  of  measurement  techniques. 

Samples  mounted  on  TO— 18  headers  could  be  tested  in  GR  insertion  units 
at  room  temperature  and  at  77  E  (by  immersing  in  liquid  nitrogen)  under  both 
light  and  dark  conditions.  Both  the  TO— 18  and  TO-5  header  samples  could 
also  be  easily  mounted  in  the  copper  cold  finger  of  closed-cycle  helium 
cryogenics  system  allowing  temperature-controlled  electrical  measurements  in 
the  temperature  range  of  7  K  to  over  300  E.  A  ten-wire  electrical 
feedthrough  into  the  evacuated  sample  chamber  allowed  access  for  all 
electrical  measurements  which  could  be  made  with  the  sample  in  the  dark  or 
illuminated  with  any  external  light  source.  The  sample  chamber  of  the 
cryostat  could  also  be  placed  between  the  four-inch  diameter  pole  faces  of 
an  electromagnet.  Magnetic  fields  up  to  nearly  7  kG  could  be  applied  at  any 
orientation  to  the  sample  while  it  was  in  the  cryostat. 

In  some  instances,  samples  were  also  tested  under  the  higher  magnetic- 
field  conditions  provided  by  a  120  kG  superconducting  magnet. 
Heterostructure  samples  tested  in  the  superconducting  magnet  were  mounted  on 
small  circular  ceramic  disks  using  indium  solder.  Two-mil  wires  were 
soldered  from  the  sample  contacts  to  gold  pads  on  the  disks  and  the  disks 
were  attached  to  a  holder  on  a  rod  that  could  be  inserted  into  the  magnet. 
The  orientation  of  the  heterostructure  surface  was  fixed  perpendicular  to 
the  magnetic  field  in  this  case. 


3.2  Current-Field  Measurements 


Nearly  all  of  the  measurement*  reported  in  this  dissertation  result 
frost  applying  an  increasing  (or  decreasing)  voltage  between  two  contacts  in 
a  sample  and  then  measuring  the  resulting  characteristics  of  the  lateral 
current  through  the  heterolayers  between  the  contacts.  The  strength  of  the 
electric  field,  oriented  parallel  to  the  layers,  is  estimated  by  dividing 
the  voltage  applied  across  the  contacts  by  the  distance  between  the  ohmic 
contacts . 

In  most  cases,  the  voltage  ranges  used  were  sufficient  to  cause  high 
electric  fields  in  the  heterolayers.  Thus,  short  voltage  pulses  (300  -  1000 
ns)  were  applied  at  low  repetition  rates  to  reduce  heating  of  the 
heterostru  :ture  lattice.  Fig.  3.7  depicts  the  standard  test  circuit  used  to 
measure  the  current-field  characteristics  of  a  sample.  An  inductive  current 
probe  and  transformer  (Tektronix  CT-2/P6041)  were  used  to  measure  the  sample 
current  without  loading  the  circuit.  The  transformer  supplied  1  mV/mA  to  a 
sampling  oscilloscope.  The  pulse  generator,  current  probe  and  transformer, 
and  sampling  oscilloscope  all  had  50  Q  input/output  impedances.  A 
measurement  of  the  current  versus  voltage  could  be  made  at  any  time  location 
on  the  pulses  (from  1  ns  to  the  end  of  the  pulse)  using  the  sampling 
oscilloscope.  The  current  versus  voltage  measurements  from  the  oscilloscope 
were  recorded  directly  on  an  x-y  recorder. 

The  structure  of  a  typical  test  sample  is  shown  in  Fig.  3.8.  The 
general  layer  structure  shown  on  the  left  side  of  the  figure  was  described 
in  detail  in  Chapter  2.  The  device  sketched  on  the  right  has  the  simplest 
contact  configuration  of  any  of  the  various  device  forms  studied.  This 
simple  device  consists  of  just  two  ohmic  contacts,  spaced  a  distance  L 


Inductive  Current  Probe 
and  Transformer 


schematic  diagram  or  general  sample  layer  cross  section  and  sketch  of  simplest  two-contact 
sample  configuration  used  o  measure  lateral  current-field  characteristics.  The  separation 
distance  L  of  the  two  ohmic  contacts  was  varied  from  10  pm  to  650  pm. 
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apart,  which  haw*  bees  alloyed  through  all  the  conducting  layers.  The 
distance  L  could  be  varied  from  10  pa  to  6S0  \m.  Voltage  pulses  were 
applied  between  the  two  ohaic  contacts  and  the  current-f ield  characteristics 
of  the  heterostrnctnre  were  then  recorded,  as  jnst  discussed,  using  the 
circuit  of  Fig.  3.7. 

More  sophisticated  test  structures  involving  etched-aesa  patterns  and 
four  or  six  contact  pads  have  also  been  fabricated  and  tested.  Sketches  of 
these  structures  will  be  shown  later  in  the  text  when  the  corresponding 
measurement  results  are  discussed. 

A  series  of  low-field  measurements  on  a  number  of  samples  were  also 
done  employing  a  low-voltage  voltage  ramp  as  the  voltage  source.  The 
voltage  across  the  sample  was  measured  directly  by  the  x  input  of  the  x-y 
recorder.  The  current  characteristics  were  recorded  by  using  the  y  input  of 
the  recorder  to  measure  the  voltage  across  a  small  resistor  placed  in  series 
with  the  test  sample.  These  results  are  reported  in  Chapter  4. 


4.  LOW-FIELD  MHASUKEMENTS 


4.1  Current-Field  Characteristic* 

The  influence  of  growth  parameters  snch  as  the  AlAs  mole  fraction  z  and 
intrinsic  AiGaAs  layer  thickness  d^  on  the  Hall  mobility  has  been  well 
documented,  and  was  discussed  in  detail  in  Chapter  2.  However,  these 
mobility  measurements  were  almost  always  made  at  very  low  electric  fields 
and  do  not  necessarily  represent  the  electron  mobility  over  a  larger  range 
of  electric  fields  such  as  would  be  found  in  many  devices. 

In  the  following  three  subsections,  measurements  will  be  presented  of 
the  current-field  characteristics  of  various  sample  structures  for  the 
electric  field  range  0-2  kV/cm.  This  is  below  the  electric  field  values 
where  the  onset  of  real-space  electron  transfer  or  the  Gunn  effect  is 
expected  to  occur.  It  has  been  reported  that  the  electric  field  in  the 
channel  of  a  high-speed  1  pm  gate  normal ly-off  FET  [106]  is  about  2  kV/cm, 
so  the  results  presented  here  may  be  helpful  in  predicting  device 
performance . 

The  following  three  sets  of  measurements  illustrate  the  effect  of  the 
AlAs  mole  fraction,  the  intrinsic  AIGsAs  layer  thickness,  and  the  number  of 
modulation-doped  periods  on  the  low-field  current-field  characteristics. 
All  of  the  measurements  were  performed  on  mesa-etched  rectangular-bridge 
patterns  of  the  type  sketched  in  Fig.  4.1.  The  narrow  bridge  was  400  pm 
long  by  40  pm  wide.  All  conducting  layers  outside  the  pattern  were  removed 
using  a  chemical  etch  and  each  triangular  pad  contained  an  obmic  contact. 
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Etched  Hall  Pattern 


Sketch  of  mesa-etched,  rectangular-bridge  Hall  pattern 
used  during  current-field  measurements-  The  narrow 
bridge  was  400  urn  long  by  40  urn  wide.  Voltages  were 
applied  between  the  two  larger  end  pads  whereas  the 
four  side  pads  of  known  spacing  could  be  utilized  to 
check  electric  field  uniformity  along  the  bridge. 


Voltages  were  applied  between  tbe  two  larger  end  pads  while  the  four  side 
pads  of  known  spacing  were  used  to  verify  the  field  uniformity  along  the 
narrow  bridge. 

For  fields  between  0  and  200  V/cm,  a  dc  voltage  ramp  was  used  to 
measure  the  current-field  characteristics  since  lattice  heating  effects  were 
negligible.  For  fields  between  200  V/cm  and  2  kV/cm,  800  -  1000  ns  voltage 
pulses  were  applied  through  the  bridge.  Details  of  these  measurement 
techniques  are  given  in  Chapter  3.  Measurements  of  the  current  and  voltage 
were  taken  near  the  end  of  each  pulse.  Current-field  (as  well  as  van  der 
Pauw-Hall)  measurements  were  made  in  the  temperature  range  of  10  K  to  300  K. 

4.1.1  Dependence  on  AlAs  Mole  Fraction 

The  set  of  structures  measured  for  this  investigation  consisted  of  four 
single-period  GaAs-AlxGaj_xAs  samples  with  AlAs  mole  fractions  of  0.16, 
0.24,  0.32,  and  0.36.  The  layer  structure  for  each  of  the  four  samples  was 
the  same  and  is  shown  in  Fig.  4.2.  An  undoped  AlGaAs  layer  thickness  of 
75  X  was  chosen  because  previous  studies  (discussed  in  Chapter  2)  have  shown 
that  this  thickness  resulted  in  the  highest  mobilities  in  single-period 

structures.  The  top  AlGaAs  layer  was  1500  X  thick  and  was  doped  to  a 

17 

concentration  of  -  10  cm  . 

The  substrates  were  mounted  on  molybdenum  blocks  and  introduced  into  an 
MBE  system  via  a  sample  exchange  chamber.  The  sample  exchange  chamber  was 
then  evacuated  and  the  sample  transferred  to  the  growth  chamber.  The 
samples  were  initially  outgassed  at  630°C  to  desorb  any  oxides  on  the 
surface  and  then  the  temperature  was  reduced  to  600°C  before  growth  was 
initiated.  The  Ga  flux  was  adjusted  to  obtain  a  0.7  jim/hr  growth  rate  and 
the  A1  flux  was  adjusted  to  obtain  the  desired  AlAs  mole  fraction.  The 
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Fig.  4.2:  Schematic  illustration  of  single-period 
modulation-doped  GaAs-AlGaAs  structures 
used  for  AlAs  mole  fraction  dependence 
measurements  (x  =  0.16,  0.24,  0.32,  and 
0.36) . 
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growth  was  always  performed  under  As  stabilized  surface  conditions. 

Van  der  Pauw-Hall  measurements  were  made  in  the  dark  on  samples  which 
had  been  photolithographically  defined  and  etched  into  cloverleaf  patterns. 
Ohmic  contacts  were  formed  by  alloying  Sn  dots  at  400°C  in  a  hydrogen 
atmosphere.  The  current  vs.  field  measurement  characteristics  for  these 
four  structures  at  several  temperatures  between  10  K  and  300  K  are  depicted 


in  Fig.  4.3. 

The 

mesa-etched 

sample 

structure  used 

to  make 

these 

measurements  is 

shown 

again  in  the 

inset  of 

the  top  graph. 

The  same 

scale 

of  arbitrary  units  was  used  for  each  current  axis  to  facilitate  comparison 
(i.e.,  a  current  of  magnitude  1.0  is  the  same  for  all  four  graphs). 

It  is  seen  from  the  graphs  that  the  low-field  conductivity  of  each 
structure  increased  as  the  temperature  was  decreased.  This  is  especially 
obvious  at  electric  fields  below  300  V/cm  where  the  initial  slope  of  the 
curves  increased  with  decreasing  temperature.  Since  the  electron 
concentration  is  not  expected  to  change  in  this  low  field  range,  one  can 
assume  that  the  Hall  mobility  is  proportional  to  the  conductivity  and  so  the 
mobility  similarly  increased  with  decreasing  temperature.  As  explained  in 
Chapter  2,  this  is  expected  since  these  modulation-doped  structures  should 
exhibit  reduced  ionized-impur ity  scattering  at  low  temperatures. 

The  electron  mobility  at  all  temperatures  also  appeared  to  increase 
with  an  increase  in  the  AlAs  mole  fraction.  This  can  be  seen  in  the  current 
vs.  electric  field  curves  in  Fig.  4.3  and  also  in  the  Hall  mobility  and 
sheet  carrier  concentration  data  at  10  K,  77  K,  and  300  K  obtained  from  Hall 
measurements  and  listed  in  Table  4.1.  The  largest  measured  value  of 
mobility  for  these  structures  in  the  dark  was  nearly  200,000  cm^/Vs  at  10  K 
with  an  associated  sheet  carrier  concentration  of  ~  i  x  10*^  cm-^ 


for  the 


F:e(d  (kV/cm) 


Current-field  characteristics  measured  up  to  2  kV/cm  for  the 
sample  structure  depicted  in  Fig.  4.2  with  AlAs  mole  fractions 
of  x  =  0.16,  0.24,  0.32,  and  0.36.  A  magnitude  of  1.0  on  the 
vertical  axis  corresponds  to  the  same  value  of  measured 
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staple  with  the  largest  AlAs  mole  fraction  (x  =  0.36).  Correspondingly,  the 
mobility  of  the  smallest  AlAs  mole  fraction  (x  •=  0.16)  sample  at  10  K  vas 
only  half  as  large,  p  =  112,000  cm^/Vs  with  Ns  *  5  x  10**  cm-*.  The 
increased  mobility  for  higher  AlAs  mole  fractions  is  most  likely  dne  to  a 
decreased  Coulomb  interaction  between  the  donors  in  the  doped  Al^Ga^^As  and 
electrons  in  the  GaAs.  As  x  increases,  the  condnction-band  discontinuity 
between  the  AlzGa^_zAs  and  GaAs  at  the  interface  also  increases.  This 
causes  the  penetration  of  the  electron  wavefunction  in  the  Al^Ga^^As  to 
decay  more  quickly,  so  there  is  less  wavefunction  overlap  between  the 


electrons  in 

the 

GaAs 

and  the 

donor 

ions  in  the 

^xGa^_xAs.  It 

has  been 

predicted 

[66,i 

67,78] 

that 

the 

mobility  of 

the  electrons 

is  roughly 

proportional 

to 

the 

square 

of 

the  distance 

separating  the 

electron 

distribution  in  the  GaAs  from  the  donors  in  the  doped  A1xGaj_xAs.  Using  the 
well  known  formula  for  a  one-dimensional  potential  well,  a  quick  and 
approximate  calculation  can  be  made  to  check  if  the  reduced  penetration  of 
the  wavefunction  can  account  for  the  observed  factor  of  two  increase  in  the 
mobility.  The  electron  wavefunction  decays  exponentially  in  the  region  of 
the  AlGaAs  where  the  electron  energy  is  less  than  the  AlGaAs-GaAs 
conduction-band  discontinuity  so  the  electron  wavefunction  for  z  >  0  can  be 
expressed  as 

<l>  «  e-kz  (4.1) 


with 


k 


(4.2) 


where  m*  is  the  effective  mass,  z  is  the  distance  compjnent,  and  AE  i«  the 

c 

conduction-band  discontinuity.  When  x  is  changed  from  0.16  tc  ..36,  m* 


increases  only  slightly  and  AEfl  increases  by  a  little  more  than  a  factor  of 
two.  Thus,  k  changes  by  slightly  Bore  than  /2  which  in  tarn  means  that  the 
wavefonction  decays  to  a  certain  valne  for  x  *  0.36  in  less  than  1/  of  the 
distance  that  it  did  for  x  =  0.16.  The  effective  separation  of  the 
electrons  and  donors  in  terms  of  the  wavefonction  overlap  is  thus  increased 
by  nearly  a  factor  of  /2  and  the  mobility  p  *  is  increased  by  about  a 
factor  of  two,  just  as  is  found  experimentally.  Therefore,  the  wavefonction 
interaction  change  seems  to  be  of  the  right  order  to  correspond  to  the 
mobility  change. 

The  small  negative  differential  resistance  (NDR)  effects  seen  in 
Fig.  4.3(d)  for  the  sample  with  the  highest  AlAs  mole  fraction  (x  =  0.36) 
can  be  explained  in  several  ways.  It  could  be  caused  by  the  trapping  of  the 
electrons  in  resonance  states  at  the  interface.  If  the  interface  is  sharp 
and  the  barrier  height  between  the  GaAs  and  AlxGa^_xAs  conduction  bands  is 
sufficiently  high,  resonance  states,  which  are  an  intrinsic  property  of  the 
interface,  can  be  formed.  As  electrons  become  trapped  in  these  interface 
energy  states  above  the  GaAs  conduction-band  edge,  the  current  will  be 
reduced,  leading  to  a  negative  differential  resistance.  Another  explanation 
for  the  NDR  is  the  sudden  onset  of  optical-phonon  scattering  [107].  Ridley 
[108]  has  predicted  that  such  effects  can  occur  as  a  consequence  of  the 
abrupt  threshold  for  optical-phonon  emission  and  the  properties  that  all 
scattering  rates  are  energy  independent  and  inversely  proportional  to  L  (the 
thickness  of  the  potential  well),  whereas  the  momentum  relaxation  rate 
associated  with  the  absorption  of  polar-optical  phonons  is  proportional  to 
L.  These  properties  are  thought  to  lead  to  a  negative  differential 
resistance  for  pure  polar-mode  scattering. 
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It  is  seen  fro*  the  graphs  in  Fig.  4.3  that  the  slope  (conductivity)  of 

any  of  the  lov  teaperature  curves  decreases  significantly  as  the  applied 

electric  field  is  increased.  This  is  especially  noticeable  for  the  larger 

AlAs  aole  fraction  saaples.  The  conductivity  decreases  aost  dramatically 

when  the  field  reaches  values  near  250  V/ca  and  varies  little  for  fields 

above  500  V/ca  for  aost  of  the  saaples.  The  high  teaperature  curves,  on  the 

other  hand,  show  comparatively  little  change  in  conductivity  as  a  function 

of  electric  field.  An  extra  300  K  current-field  line  is  included  in  graphs 

(a)  and  (c)  to  show  the  characteristics  of  a  bulk  GaAs  (0.1  pm  thick)  FET 

channel  layer  vith  the  same  pattern  and  donor  concentration  of  1  x  10*^  cm~ 
3 

.  Only  the  300  K  characteristic  curve  is  plotted  because  there  is 
negligible  improvement  at  lov  temperatures  for  this  bulk  GaAs  layer. 

If  one  assumes  as  before  that  the  carrier  concentration  does  not  change 
in  this  low-field  range,  then  the  change  in  mobility  with  increasing 
electric  field  may  be  roughly  approximated  by  the  change  in  the  slope  of  the 
current-field  curves  in  Fig.  4.3.  The  slopes  of  the  curves  at  several 
temperatures  were  roughly  measured  and  plotted  versus  electric  field  for  the 
three  structures  with  the  lowest  AlAs  mole  fractions.  The  structure  with 
the  x  =  0.36  AlAs  mole  fraction  was  omitted  due  to  the  slight  NDR  effects 
described  earlier.  The  slopes  were  then  normalized  with  respect  to  the 
low-field  values  of  mobility  as  determined  from  van  der  Pauw-Eall 
measurements  at  that  particular  temperature.  The  resulting  normalized 
mobility  versus  electric  field  graphs  for  the  three  structures  with 
x  =  0.16,  0.24,  and  0.32  are  pictured  in  Figures  4.4  -  4.6,  respectively. 

It  is  seen  in  Fig.  4.4  that  the  10  E  mobility  for  the  x  =  0.16  sample 
drops  to  40*fc  of  its  low-field  value  of  112,000  cm  /Vs  at  an  electric  field 
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Fig.  4.4:  Normalized  mobility  vs  electric  field  curves  at  several 

temperatures  for  a  single-period  sample  with  an  AlAs  mole 
fraction  of  x  =  0.16.  The  sample  structure  was  the  same  as 
in  Fig.  4.2.  The  mobility  was  normalized  with  respect  to 
the  Hall  mobility  measured  with  van  der  Pauw-Hall  techniques 
at  each  temperature. 
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Fig.  4.6:  Normalized  mobility  vs  electric  field  curves  measured 
using  the  same  procedure  as  in  Fig.  4.4  for  a  single¬ 
period  sample  with  an  AlAs  mole  fraction  of  x  =  0.32. 


75 


c 

R 


* 


M 


% 


of  only  500  V/ca.  The  samples  with  higher  low-field  mobility  show  an  even 
larger  decrease  in  mobility  with  field.  For  instance,  the  32%  AlAs  mole- 
fraction  sample  shows  a  mobility  drop  at  200  V/ca  to  abont  20%  of  its  zero- 
field  value.  It  mast  be  emphasized,  however,  that  these  values  are  only 
approximate  and  do  not  necessarily  represent  the  actnal  value  of  the 
mobility  reductions  as  a  function  of  the  electric  field.  The  crudely 
measured  curves  in  Figs.  4.4  -  4.6  do,  nevertheless,  illustrate  the 
characteristics  of  the  mobility  decrease  at  very  low  electric  fields  and  can 
be  useful  in  identifying  the  important  features.  For  instance,  it  is  seen 
from  Figs.  4.4  -  4.6  that  for  a  higher  initial  mobility  (higher  x)  the 
abrupt  low-temperature  mobility  decrease  is  much  larger  and  occurs  at  a 
smaller  value  of  the  electric  field.  Also,  all  three  structures  jhow  a 
negligible  change  in  room-temperature  mobility  as  a  function  of  the  electric 
field  strength  up  to  2  kV/cm.  This  field  range  is  below  the  expected 
threshold  field  necessary  for  real-space  electron  transfer  effects  or  the 
Gunn  effect. 

As  will  be  discussed  in  Section  4.2,  the  drop  in  electron  mobility  at 
small  electric  fields  may  be  due  to  the  spontaneous  emission  of  polar 
optical  phonons  and/or  intersubband  scattering  effects.  A  more  precise 
method  for  me. curing  the  mobility  versus  electric  field  characteristics  at 
low  temperatures  will  also  be  discussed  in  the  same  section. 

4.1.2  Dependent  on  Undoned  AlGaAs  Laver  Thickness 

To  study  the  effect  of  the  undoped  (intrinsic)  AlGaAs  layer  thickness 
Oi.  the  current  vs.  electric  field  characteristics  and  mobility  of  these 
structures,  six  three-period  structures  were  prepared  with  intrinsic-layer 
thicknesses  of  d.  =  50  X.  100  X,  150  X,  200  X,  250  X,  and  300  X.  The  growth 
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procedures  were  identical  to  those  used  for  the  single  period  structures  in 
the  previous  section  and  a  schematic  of  the  three-period  structures  is  drawn 
in  Fig.  4.7.  The  Si-doped  Al^Ga^^As  and  undoped  GaAs  layers  were  both 
1000  X  thick  and  the  AlAs  mole  fraction  was  z  =  0.20.  As  before,  a  200  X 
undoped  GaAs  layer  was  grown  on  the  top  surface  to  facilitate  ohmic  contact 
preparation. 

The  current  vs.  electric  field  characteristics  for  the  100  X,  ISO  X, 
200  X.  and  300  X  intrinsic-layer  thickness  structures  are  shown  in  Figs.  4.8 
-  4.11.  These  curves  show  the  same  general  conductivity  (slope)  dependence 
on  electric  field  as  the  four  graphs  in  Fig.  4.3.  The  high  temperature 
curves  usually  vary  little  in  slope  with  increasng  electric  field,  whereas 
the  conductivity  changes  drastically  at  low  fields  for  cryogenic  lattice 
temperatures.  The  greatest  conductivity  changes  occur  below  500  V/cm  where 
the  electron  sheet  carrier  concentration  is  relatively  constant.  Thus,  the 
conductivity  decreases  are  directly  proportional  to  the  decreases  in 
mobility  at  these  low  fields.  The  higher  the  zero-field  mobility,  the 
larger  the  mobility  decrease  at  low  fields  as  in  the  case  of  the  single¬ 
period  structures  described  earlier.  Significant  changes  in  the  electron 
mobility  at  fields  up  to  500  V/cm  may  be  due  to  spontaneous  phonon  emission. 

In  the  three-period  structures  the  mobility  increased  with  nndoped 

0 

layer  thickness  up  to  d.  =  150  A  and  then  decreased  for  wider  layers. 

Mobility  and  sheet  carrier  concentration  data  for  10  K,  77  K,  and  300  K  are 

presented  in  Table  4.2.  The  peak  mobility  in  the  150  X  intrinsic  layer  at 

10  K  is  164,000  cm^/Vs  in  the  dark  with  Ns  =  2.26  z  10*^  cm-^ .  The  77  K  and 

0 

300  K  mobilities  of  the  d^  *  150  A  structure  are  also  higher  than  any  of  the 
other  three-period  structures. 
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Schematic  diagram  of  the  three-period  modulation-doped 
heterostructure  used  to  measure  the  influence  of  the  intrinsic 
AIGaAs  layer  thickness.  Measurements  were  made  for  intrinsic 
Laver  thicknesses  of  d.  =  50  R,  100  R,  150  R,  200  R,  250  A, 


shown  in  Fig.  4.7  with  d.  =  100 


for  the  structure  shown  in 


Fig.  4.10:  Current-field  characteristics  at  several  temperatures  for  the  sample  structure 
shown  in  Fig.  4.7  with  d.  =  200  X. 
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Hie  theoretical  proposal  that  the  electron  nobility  increases 
approzisiately  as  the  square  of  the  separation  distance  between  carriers  and 
donors  [66,67*78]  can  help  account  for  the  initial  zero-field  nobility 
increase  with  increasing  intrinsic-layer  thickness.  However,  the  sheet 
carrier  concentration,  N#,  decreases  (Table  4.2)  with  increasing  layer 
thickness.  This  decrease  in  N#  results  in  reduced  screening  of  the  carriers 
in  the  GaAs  which  is  responsible  for  the  nobility  decrease  after  a  critical 
undoped-layer  thickness  is  reached. 

The  three-period  structures  depicted  in  Figs.  4.8  -  4.11  exhibit  an 
unusual  property  in  that  the  conductivity  decreases  at  first  when  the 
lattice  temperature  of  the  samples  is  cooled  from  300  E.  In  Fig.  4.8,  for 
instance,  the  conductivity  at  very  low  fields  is  nearly  the  same  at  170  E 
and  300  E,  but  at  higher  electric  fields  the  170  E  conductivity  drops 
significantly  below  the  corresponding  conductivity  at  300  E.  This  trend 
becomes  even  more  prominent  for  larger  intrinsic-layer  thicknesses.  In 
Fig.  4.11,  the  undoped  layer  thickness  is  300  X  and  the  170  E  and  220  E 
lines  are  substantially  lower  in  conductivity  than  the  300  E  line  even  at 
very  low  fields.  The  conductivity  reaches  its  lowest  value  at  temperatures 
near  170  E  before  it  begins  to  increase  for  lower  temperatures. 

It  is  believed  that  the  initial  decrease  in  conductivity  is  due  to  the 
freeze-out  of  carriers  remaining  in  the  doped  AlGaAs  which  causes  the 
conductivity  in  the  AlGaAs  to  drop  as  the  temperature  is  lowered.  However, 
the  conductivity  of  the  electrons  in  the  GaAs  will  be  increasing  with 
decreasing  temperature  due  to  the  absence  of  significant  ionized-impur i ty 
scattering.  So  it  appears  as  though  the  conductivity  drop  in  the  doped 
AlGaAs  dominates  the  current  initially,  but  as  the  temperature  is  steadily 


total  sheet  carrier  concentration  in 


decreased,  the  conductivity  increase  in  the  GaAs  becoaes  stronger  and 
dominates  for  low  temperatures.  The  transfer  in  dominance  between  the  two 
mechanisms  appears  to  occur  near  170  K. 


If  the  doped  AlGaAs  layer  thickness  is  decreased,  its  influence  on  the 
overall  conductivity  of  the  sample  should  be  reduced.  This  was  verified  for 
the  case  of  the  three-period  sample  shown  in  Fig.  4.12  which  had  a  doped 
AlGaAs  layer  250  X  thick,  instead  of  1,000  X  thick  as  for  the  previous 
samples  shown  in  Figs.  4.8  -  4.11.  The  thickness  of  the  undoped  AlGaAs  and 
GaAs  layers  were  150  X  and  1,000  X,  respectively  (like  the  sample  in 
Fig.  4.9).  The  170  K  curve  in  Fig.  4.12  is  well  above  the  300  K  curve 
throughout  the  field  range  up  to  2.0  kV/cm.  This  sample  displayed  no 
noticeable  decrease  in  conductivity  as  the  temperature  was  lowered  from 
300  K. 

4.1.3  Comparison  of  Sinale  and  Multiple  Periods 

In  this  section,  the  current-field  characteristics  of  single-period, 
three-period,  and  nine-perio  modulation-doped  heterostructures  are 
compared.  These  structures  were  grown  by  molecular  beam  epitaxy  with 
substrate  temperatures  of  600°C  and  an  AlAs  mole  fraction  of  i  *  0.30.  The 
structure  of  the  single-period  sample  was  the  same  as  in  the  previous 
section  (Fig.  4.2).  The  structure  of  the  three-period  was  also  the  same  as 
the  last  section  (Fig.  4.7)  except  that  the  doped  AlGaAs  layers  were  250  X 
thick  instead  of  1000  X  thick.  The  undoped  AlGaAs  thicknesses  of  the 
three-period  structure  were  150  X  since  these  intrinsic  layer  widths 
produced  the  highest  mobility  three-period  structures  in  the  previous 
section.  The  nine-period  structure,  on  the  other  hand,  had  intrinsic  layer 
widths  of  d.  =  75  X  and  undoped  GaAs  and  doped  AlGaAs  layer  widths  of  500  X 
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and  1250  X,  respectively. 

The  cnrrent-f ield  characteristics  of  the  single-period  sample  are  shown 
in  Fig.  4.13  for  teaiperatnres  from  10  E  to  300  E.  A  large  drop  in 
conductivity  (and  hence  nobility)  is  observed  between  zero  and  500  V/cn  as 
in  the  graphs  shown  before.  At  300  E,  however,  the  low-field  nobility 
(p  ■  7500  cm  /Vs,  for  this  sanple)  remains  unchanged  up  to  2kV/cm.  Similar 
low-field  effects  are  observed  for  the  three-  and  nine-period  structures 
shown  in  Figs.  4.14  and  4.15,  respectively.  Tlie  current-field 
characteristics  of  the  three-period  sample,  however,  exhibit  small  negative 
differential  resistances  at  10  E  and  77  E  for  electric  fields  near 
1.5  kV/cm.  The  nine-period  structure  shows  even  more  pronounced  current 
fluctuations  in  a  wider  temperature  range.  There  are  several  cases  where 
the  currents  saturate  and  where  different  temperature  curves  intersect  one 
another. 

The  occurrence  of  the  negative  differential  resistances  and  current 
saturations  in  the  multiple-period  samples  may  be  related  to  the  poor 
quality  of  those  interfaces  where  the  GaAs  ,s  grown  on  top  of  the  AlGaAs. 
The  inferior  properties  of  this  type  of  interface  were  discussed  in 
Section  2.4.3.  Above  a  critical  electric  field  strength,  electrons  may  be 
transferring  across  the  GaAs  well  from  the  high-mobility  AlGaAs/GaAs 
interfaces  to  the  low-mobility  GaAs/AlGaAs  interfaces.  A  significant  number 
of  electrons  may  then  become  captured  in  traps  at  the  poor-quality 
interface,  thereby  reducing  the  effective  number  of  bigh-mobi 1 i ty  electrons 
participating  in  current  conduction. 

Since  the  quality  of  the  GaAs  on  AlGaAs  interface  improves  at  in¬ 
growth  temperatures  (see  Section  2.4.3),  several  three-period  s«rr;  • 
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Fig.  4.13:  Current-field  characteristics  at  several  temperatures  for  the  sample  structure 
shown  in  Fig.  4.2  with  an  AlAs  mole  fraction  of  x  =  0.30. 


Fig.  4.15:  Current-field  characteristics  for  a  nine-period  heterostructure  with  x  *  0.30  and 

"  75  X.  The  undoped  GaAs  and  doped  AlGaAs  layer  thicknesses  were  500  X  and 
1250  X,  respectively. 


grown  at  680°C.  Fig.  4.16  shows  the  current-field  oharaoteristics  of  a 
three-period  structure  grown  at  680°C.  The  carves  are  well  behaved  at  all 
teaperatnres  and  do  not  show  any  negative  differential  resistance;  bat  in 
all  cases  the  slope  slowly  decreases  over  the  whole  range  of  the  electric 
fields  investigated,  as  opposed  to  the  slope  of  the  single-period  structure 
(Fig.  4.13)  which  reaains  essentially  constant  above  1  kV/ca.  This 
illustrates  that  although  the  quality  of  the  GaAs  on  AlGaAs  interface  has 
been  iaproved.  the  aobility  is  still  auch  lower  than  that  of  the  AlGaAs  on 
GaAs  interface. 

So  it  appears  that  even  though  higher  growth  teaperatures  have 
ainiaized  the  negative  differential  resistance  effects  associated  with 
aultiple-period  structures,  the  single-period  structures  still  appear  to  be 
superior  for  devices,  both  in  terms  of  ease  of  preparation  and  in  terms  of 
moderate-field  transport  properties. 

4.2  Low-Field  Characteristics  of  Mob i 1 i ty 

In  the  previous  sections  it  was  shown  that  strong  nonlinearities  in  the 
current-field  characteristics  of  high-mobility  GaAs-Al^Gaj^As 
heterostructures  are  present  at  low  fields,  especially  at  low  temperatures. 
The  unusually  high  mobilities  measured  by  van  der  Pauw-Hall  techniques  (at 
electric  field  strengths  near  3  V/ca  and  magnetic  field  strengths  around 
730  Gauss)  are  sustained  only  up  to  fields  around  200  V/cm,  above  which  the 
aobility  drops  very  rapidly.  As  seen  above,  the  features  of  the  aobility 
drop  are  strongly  dependent  on  the  A1  concentration  z  and  the  doping  of  the 


AlGaAs  layers. 


Fig.  4.16:  Current-field  characteristics  at  various  temperatures  for  a  three-period  heterostructure 
grown  with  a  substrate  temperature  of  T  =  680°C. 


The  sadden  drop  in  aobility  is  thought  to  be  dne  to  a  rapid  increase  in 
the  average  energy  of  the  electrons  to  a  point  where  polar  optical  phonon 
scattering  becoaes  substantial.  Higher  initial  aobilities  would  then  lead 
to  larger  aobility  drops  at  lower  electric  fields  as  was  observed 
experimentally.  The  nature  of  aobility  reduction  certainly  depends  also  on 
the  subband  population  since  the  aobility  is  auch  reduced  in  higher  subbands 
(as  discussed  in  Section  2. 4. 2. 3).  The  population  of  higher  subbands 
together  with  the  sudden  onset  of  polar  optical  phonon  scattering  can  reduce 
the  nobility  rapidly  enough  to  cause  negative  differential  resistances  at 
very  low  electric  fields  as  was  seen  in  some  of  current-field  curves  of 
Section  4.1. 

The  first  of  the  following  subsections  outlines  the  results  of  a 
theoretical  calculation  done  by  Hess  to  model  the  low-field  dependence  of 
the  aobility.  The  subsequent  subsections  suawarize  the  methods  and  results 
of  experiments  performed  by  the  author  to  aeasure,  more  precisely,  the 
electric  field  dependence  of  the  mobility. 

4.2.1  Theoretical  Modeling  of  Mobility-Field  Characteristics 

Hess  has  calculated  the  mobility-field  characteristics  of  modulation- 
doped  GaAs-AlGaAs  heterostructures  using  a  two-dimensional  model  for  the 
aobility  [65-66].  Parts  of  this  model  were  outlined  earlier  in 
Section  2. 4. 2.1.  Since  modulation-doped  heterostroctures  combine  the  unique 
feature  of  high  mobilities  associated  with  large  electron  concentrations, 
the  warm  electron  effects  in  these  structures  were  treated  with  a  model 
including  strong  electron-electron  interactions.  The  simplest  way  of 


including  electron-electron  scattering  is  to  assume  a  Fermi-distribution  at 
an  elevated  electron  temperature  T  for  the  spherically  symmetric  part  of 
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the  distribution  function.  To  calculate  the  carrier  temperature,  T  ,  the 

c 

power  balance  equation  derived  elsewhere  [109]  was  used.  This  particular 
aodel  involves  scattering  by  acoustical  phonons  via  deforaation  potential, 
polar  optical  phonons,  reaote  donors,  interface  charges  and  background 
inpurities.  It  does  not,  however,  include  subband  repopulation  and 
intersubband  scattering. 

Fig.  4.17  shows  the  experimental  aobility-f ield  curves  for  a  very  high 
mobility  (200,000  ca^/Vs  at  10  E)  three-period  aodnlat ion-doped 
heterostructure  in  the  field  range  0  -  200  V/ca.  A  dashed  curve 
representing  the  results  of  the  theoretical  calculation  at  10  K  is  included 
in  the  figure  for  comparison. 

In  comparing  experimental  and  theoretical  results,  two  aspects  are 
apparent.  At  very  low  fields  the  theory  predicts  a  deviations  froa  Ohm's 
law,  which  is  steeper  than  the  experimentally  observed  deviation.  This 
discrepancy  can  be  accounted  for  only  by  assigning  a  relatively  large  energy 
loss  rate  to  interactions  with  phonons.  In  the  model  a  deformation 
potential  of  10  eV,  which  is  rather  large,  was  assumed.  Therefore,  an 
explanation  seems  to  be  possible  only  by  additional  phonon  scattering 
processes,  such  as  piezoelectric  scattering  and  aultiphonon  emission. 

At  higher  electric  fields,  the  rate  of  decline  in  the  electron  aobility 
decreases,  which  aay  be  an  indication  of  a  lower  energy  loss  rate  than  what 
was  used  in  this  aodel.  This  type  of  difference  between  theory  and 
experiment  is  typical  for  deviations  of  the  distribution  functions  froa  the 
Ferai-shape,  which  was  assumed  [110]. 


Electric  Field  (V/cm)  LP., 

A. 17:  Normalized  mobility  vs  field  curves  for  a  high-mobility 
three-period  heterostructure  at  several  temperatures. 
The  dashed  curve  represents  the  result  from  a  theoreti¬ 
cal  calculation  for  T  =  10  K. 
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4.2.2  Measurina  Mobility  from  Corbino  Resistance 

Following  the  experimental  discovery  of  a  large  conductivity  drop  at 
very  low  electric  fields  with  current-field  measurements*  it  seeaied 
important  to  independently  measure  the  mobility  versos  electric  field 
characteristics  in  a  more  precise  manner.  In  this  section*  a  method  will  be 
described  for  determining  how  the  mobility  depends  on  electric  field  by 
measuring  the  "Corbino  resistance"  of  special  device  shapes  in  a  transverse 
magnetic  field.  The  Corbino  resistance  is  the  "geometric"  contribution  to 
the  magnetoresistance  which  can  be  quite  large  in  certain  device 
configurations. 

In  order  to  understand  how  the  geometric  contribution  to 
magnetoresistance  comes  about,  refer  to  Fig.  4.18.  When  a  voltage  is 
applied  between  the  two  closely-spaced  ohmic  contacts  sketched  in  the 
figure,  an  electric  field  will  be  oriented  as  shown,  from  one  contact  to  the 
other.  However,  when  a  magnetic  field  is  applied,  the  trajectories  of  the 
electrons  in  the  semiconductor  are  changed  by  the  deflecting  Lorentz  force. 
The  current  lines  and  the  direction  of  the  electric  field  then  form  an  angle 
different  from  zero.  This  angle  is  called  the  Hall  angle  0g  if  the  magnetic 
field  direction  (into  the  page  in  Fig.  4.18)  is  perpendicular  to  the 
direction  of  the  electric  current.  The  relation  between  0g  and  the  Hall 
mobility  jig  of  the  electrons  is  given  by 

tan  ©H  =  pHB  ,  (4.3) 

where  Pg  i*  defined  as  the  ratio  of  the  Hall  coefficient  Rg  and  the  specific 
resistance  Pg  jD  a  field  with  magnetic  induction  B: 


**H  “  RH^ pB  * 


(4.4) 
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Ton  Qy\  -  fX\\ B 


Fig.  4.18:  Diagram  illustrating  the  deflection  of  the 
current  from  the  electric  field  direction 
by  the  Hall  angle  0H  when  a  magnetic  field 
of  strength  B  is  directed  into  the  page. 
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As  seen  in  Fig.  4.18,  the  path  length  of  the  current  between  contacts 
will  be  longer  when  there  is  an  applied  magnetic  field.  Hence,  there  is 
also  an  increase  in  the  effective  resistance  between  the  contacts  under 
these  conditions.  This  increase  in  resistance  is  the  "geometric 
contribution"  to  the  magnetoresistance.  For  materials  with  a  high  electron 
mobility,  this  effect  is  very  large  and  depends  only  on  the  Hall  angle  0^, 
and  not  on  other  material  parameters  of  the  semiconductor. 

The  geometrical  shape  of  the  sample  is  known  to  have  an  influence  on 
the  magnitude  of  the  measured  magnetoresistance.  This  shape  influence  is 
highly  pronounced  for  large  Hall  angles,  i.e.,  for  materials  with  high 
electron  mobilities.  It  has  been  reported  that  the  magnetoresistance 
increases  with  a  decreasing  ratio  of  electrode  separation  to  electrode  width 
(a/b  in  Fig.  4.18)  and  approaches  a  limiting  value.  Calculations  of  the 
influence  of  the  shape  of  the  electrodes  on  the  measured  magnetoresistance 
have  been  made  by  Lippmann  and  Kuhrt  (and  were  reported  by  Weiss  [111]). 
Using  a  method  of  conformal  mapping  they  found  an  integral  which  could  be 
developed  for  small  and  large  Hall  angles.  The  transition  region  between 
small  and  large  angles  was  calculated  by  numerical  evaluation  of  the 
integrals.  The  results  of  these  calculations,  shown  in  Fig.  4.19,  have 
corresponded  quantitatively  with  the  expermental  results  of  other 
laboratories.  The  figure  shows  the  ratio  of  resistances  obtained  with  (R^) 
and  without  (Rq)  a  magnetic  field  versus  the  product  =  tan  0^  for 
various  ratios  of  electrode  separation  to  electrode  width  (a/b).  It  is  seen 
that  as  a/b  approaches  small  values  the  Rg/RQ  ratio  converges.  According  to 
these  corves  all  electrode  patterns  such  that  a/b  £  0.05  would  nearly  give  a 
maximum  geometric  contribution  to  magnetoresistance.  The  limiting  value  of 


Results  of  calculations  by  Lippmann  and  Kuhrt 
(after  [111])  showing  the  influence  of  the 
electrode  separation  to  width  ration  (a/b  in 
Fig.  4.18)  on  the  Corbino  magnetoresistance. 
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Rg/R0  can  be  ideally  obtained  with  a  disk-shaped  device  (Corbino  disk)  with 
concentric  inner  and  onter  electrodes. 


For  an  isotropic  mediuai  with  an  electrode  configuration  which  allows  a 
maximum  geometric  contribution  to  magnetoresistance  the  relative  change  in 
resistance  npon  applying  a  transverse  magnetic  field  can  be  expressed  by 
1112] 


=  AR  _  At  *H2B2 
Ro  ~  po  1+AP/P0  * 


(4.5) 


Here  Ap/pQ  is  the  relative  change  in  specific  resistivity  as  would  be 
measured  with  a  long  filamentary  sample  of  the  same  material.  The  second 
term  on  the  right  of  Eq.  (4.5)  is  the  geometric  contribution  to  AR/Ro.  For 
a  high-mobility  semiconductor  Ap/pQ  i,  much  smaller  than  pH2B2  so  Eq.  (4.5) 
may  be  approximated  by 


41 

R 

o 


PH 


(4.6) 


Measuring  the  relative  change  in 
field  strength  B  at  a  particular 
evaluate  the  Hall  mobility  «t  that 

PH  “  B  <AR/R0>1/2  • 


resistance  AR/Rq  for  a  known  magnetic 
electric  field  would  thus  allow  one  to 
electric  field  from 

(4.7) 


It  must  be  pointed  out,  however,  that  Eq.  (4.7)  approximates  the  mobility  of 
an  isotropic  material  where  the  mobility  is  assumed  to  be  the  same 
everywhere.  In  the  case  of  a  sample  where  conduction  may  take  place  through 
layers  with  different  properties,  the  above  equations  must  be  modified.  The 
modifications  necessary  to  represent  conduction  through  two  layers  (e.g., 
GaAs  and  AlGaAs)  are  outlined  in  the  following  section. 
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4.2.3  Mobility  Determination  with  Two-Layer  Conduction 

In  a  one-period  GaAs-AlGaAs  structure,  parallel  conduction  through  both 
the  AlGaAs  and  GaAs  layers  may  occur.  Let  the  Hall  aobility,  electron 
concentration,  and  conductive-layer  cross  sectional  area  of  the  AlGaAs (GaAs) 
layer  be  represented  by  t»1#  n1#  and  A^pj*  «2'  #nd  h)  *  *,®*P«ct**®ly*  U>®n 
the  total  current  I  flowing  through  the  parallel  layers  due  to  an  electric 
field  E  may  be  written  as 

1  *"  +  I^  K  ^  •  (4.8) 

Assuming  the  total  number  of  electrons  in  the  two  layers  remains  constant 
one  can  write 


n(A^  +  A2 )  a  nl^l  +  n2^2 


(4.9) 


where  n  is  the  overall  average  charge  concentration. 

When  there  is  no  magnetic  field  the  total  resistance  Rq  of  the  two 
parallel  layers  is  found  from 


_1 

R 

o 


JL  +  JL 

*1  V 


(4.10) 


Similarly,  when  a  magnetic  field  is  applied  perpendicular  to  the  layers  the 
total  resistance  Rj,  of  the  layers  is  found  from 


i  *  vk  <4-n) 

where  AR^  and  AR2  are  the  increase  in  the  resistance  of  the  AlGaAs  and  GaAs 
layers,  respectively,  due  to  the  magnetic  field.  Using  Eq.  (4.6),  the 
relative  change  in  the  resistance  of  each  layer  due  to  a  perpendicular 


magnetic  field  B  can  be  approximated  by 
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“5*  *  *nd  ^  ~  r22B 2  . 


(4.12) 


Eq.  (4.10)  and  Eq.  (4.11)  nay  be  used  to  express  the  relative  change  in 
resistance  of  both  the  layers  as 


V!< 


*»  ‘  4  *  *2  '  V**l  ‘ 


(4.13) 


Using  Eqs.  (4.8).  (4.9).  and  (4.13).  one  can  obtain  a  third-order 


polynomial  in  p2  (see  Appendix  1): 

fW*  tt&  *  *  rfiaSEi 

l  *1*1  *  *«i*  %  J11*  [  *i 

Jz.  (1  „  2B2,i  .  Eaif.1 

L«b*  1*1  *1*1  ’>  h]*2 

f 4g  *2r~l 
L  *i  Ri*1J  '  ° 

e 

n(Aj  +  A2)  ©E  •  I 


where 


hi  2 

K,  »*2 


(4.14) 


(4.15) 


*2  *  +  A^)  eE  . 


(4.16) 


The  mobility  p 2  in  the  GaAs  may  be  calcnlated  from  the  above  third- 
order  polynomial  equation  if  the  coefficients  of  the  equation  are  evaluated. 
Measurements  of  current  vs.  electric  field  with  and  without  a  perpendicular 
magnetic  field  provide  the  values  for  I,  E,  AR/Ro,  and  B.  The  average 
carrier  concentration  n  is  approximated  from  Hall  measurements.  The 
mobility  in  the  AlGaAs  stays  relatively  constant  with  respect  to 
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temperature  and  is  estimated  to  be  in  the  range  1000  -  1S00  cm2/Vs.  The 
valne  of  i$  deterained  froa  the  known  AlGaAs  layer  width  and  the  device 
diaensions.  In  order  to  calculate  the  conductive  cross-sectional  area  A^  in 
the  GaAs,  it  is  necessary  to  know  the  effective  width  of  the  high-aobility 
channel  near  the  interface.  This  width  has  been  calculated  by  Hsieh  [113] 
based  on  the  aodel  of  a  triangular  potential  well  at  the  interface.  Ibis 
data  was  used  in  coabination  with  the  device  diaensions  to  calculate  A^. 

The  aagnitude  of  calculated  froa  Eq.  (4.14)  will  depend  on  the 
estiaated  values  of  and  n.  It  was  found  that  a  change  in  these 
parameters  would  shift  the  resulting  aobility  versus  electric  field  curves 
up  and  down,  but  the  shape  of  the  curves  would  be  preserved.  Therefore,  the 
aobility  will  be  plotted  in  arbitrary  units  for  the  graphs  presented  in  the 
following  section.  It  is  believed,  however,  that  these  aobility-f ield 
curves  will  illustrate  in  reasonably  good  detail  the  qualitative  features  of 
the  GaAs  aobility  dependence  on  the  electric  field  strength. 

4.2.4  EUperjacutlli  De^e.ra.ipe,UPB  °£  Low-Field  Mobility  ChaTg.9teTiy.ti9> 

Measurements  have  been  aade  of  the  current-field  characteristics  at  low 
temperatures  in  single-period  GaAs-Al^Ga^As  heterostructures  like  that 
shown  in  Fig.  4.20.  Samples  with  AlAs  mole  fractions  of  z  *  0.16  and  0.32 
were  tested  using  the  pulsed-vol tage  techniques  described  previously.  Two 
ohmic  contacts  of  AuGe/Ni  were  diffused  through  the  conducting  epitaxial 
layers  of  the  device.  The  width  of  the  two  contacts  was  500  |xm  and  their 
separation  was  either  10  |im  or  20  f*m.  Thus,  the  ratio  of  electrode  width  to 
electrode  separation  was  a/b  =  0.02  or  0.04.  This  means  that  the  geometric 
contribution  of  the  magnetoresistance  will  be  nearly  maximized  for  all  but 
the  largest  Hall  angles.  Note  that  when  attempting  to  determine  the 
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Fig.  4. 


Ohmic  Contacts  (AuGe/Ni) 


GaAs  (Top  Cover) 

200& 

N-AlxGai-xAs 

1500^ 

AUGai-xAs  (undoped) 

6 

75A 

GaAs  '"^2 DEG 

(unintentionally  doped) 

lf±m 

Sem  i  -  Insulat  i  ng  ~600 am 

(Cr+)  GaAs  Substrate 

4==^==== 

—4 — L 

LP-2193 


Schematic  diagram  of  the  one-period  heterostructure 
used  for  current-field  measurements  which  led  to  a 
determination  of  the  GaAs  mobility.  Measurements 
are  reported  for  this  structure  with  x  =  0.16  and 
0.32. 
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nobility  characteristic*  in  the  electric  field  range  (approxiawtely  0  - 
400  V/ca)  where  the  low-teaperature  nobility  becoaes  very  high 
(|ig  x  100*000  cn2/Vs),  it  is  iaportant  that  the  aagnetic  field  is  not  so 
high  as  to  canse  the  Hall  angle  to  exceed  ~  80°  (p^B  ~  6).  However,  when 
studying  the  aobility  at  higher  electric  fields  where  the  aobility  has 
decreased  significantly,  the  nse  of  higher  aagnetic  fields  (10  -  20  kG)  will 
facilitate  the  aeasnreaents  by  increasing  the  resistance  change.  If  the 
aagnetic  field  is  too  large,  however,  Shnbnikov-deHaas  oscillations  aay 
occur.  No  snch  oscillations  were  observed  for  the  range  of  aagnetic  fields 
used  in  asking  the  aeasnreaents  reported  here. 

Fig.  4.21  displays  the  results  of  current-field  aeasnreaents  aade  at 
8  K  on  a  saaple  with  z  =  0.32.  The  separation  of  the  electrodes  was  10  pa 
as  depicted  in  the  inset.  The  aeasnreaents  were  perforaed  first  with  no 
aagnetic  field  and  then  with  a  perpendicular  aagnetic  field  of  6  kG  froa  an 
electroaagnet.  The  relative  change  in  resistance  AR/R  at  a  particular 
electric  field  strength  was  deterained  froa  the  two  values  of  current 
measured  at  the  saae  electric  field.  Note  in  Fig.  4.21  that  the  slope  of 
the  I-E  curve  for  B  =  0  increases  initially  at  very  low  fields.  This 
feature  signals  an  initial  increase  in  aobility  with  increasing  electric 
field  which  has  not  been  experimentally  reported  previously. 

A  plot  of  the  Hall  aobility  in  the  GaAs  versus  electric  field  strength 

is  plotted  in  Fig.  4.22.  Each  data  pont  was  calculated  from  Eq.  (4.14) 

using  A2  «  7.5  x  10-7  cm2,  A2  .  3 .6  x  10-8  cm2,  pj  *  1500  cm2/ Vs,  and 

-1 

n  “  4.6  z  10  cm  along  with  values  for  I,  E,  and  AR/R  obtained  from  the 
current-field  curves  in  Fig.  4.21.  The  data  points  are  connected  by  a 
smooth  line  to  facilitate  viewing  of  the  graph. 


Contact 


Fig.  4.20  with  x  =  0.32.  Measurements  were  made  with  and  without  a  6  kG  perpendicular 
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Fig.  4.22:  Hall  mobility  vs  electric  field  strength  at  T  =  8  K 
using  the  data  obtained  from  the  current-field 
characteristics  presented  in  Fig.  4.21.  The  mobility 
in  the  GaAs  was  calculated  using  Eq.  (4.14)  in  the  text. 
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The  graph  shove  so  initial  increase  in  nobility  as  expected.  Snch  an 
initial  nobility  increase  with  electric  field  has  recently  been  predicted 
theoretically  by  Price  [114].  He  reported  that  the  nobility  night  be 
expected  to  initially  increase  with  electron  tenperatnre  dne  to  the 
tenperatnre  dependence  of  the  screening  constant  for  themal  electrons.  The 
nobility  increase  is  predicted  to  occur  only  until  the  electron  tenperatnre 
reaches  a  critical  value,  beyond  vhich  the  nobility  will  start  to  decrease. 

The  GaAs  nobility  in  the  graph  peaks  near  E  -  200  V/cn  and  then 
decreases  steadily  for  higher  fields.  The  sharp  nobility  decrease  is 
thought  to  be  caused  by  the  onset  of  polar  optical  phonon  scattering  vhich 
nay  become  significant  at  these  lov  electric  fields  due  to  the  unusually 
high  electron  nobilities  achieved  in  these  nodul a ti on-doped 
heterostructures.  Intersubband  scattering  nay  also  contribute  to  the 
nobility  decrease  in  this  electric  field  range.  Experinental  evidence  of 
nobility  reduction  due  to  intersubband  scattering  has  already  been  reported 
in  the  literature  [60,75,81]  as  vas  discussed  in  Section  2. 4. 2. 3.  It  bss 
been  shovn  [81]  that  an  electrode  attached  to  the  backside  of  a 
heterostructure  sanple  can  be  used  to  vary  the  lateral  electric  field 
necessary  to  trigger  a  decrease  in  nobility  due  to  intersubband  scattering. 

Fig.  4.23  shovs  the  results  of  an  identical  calculation  using  data  fron 
I-E  curves  measured  fron  another  sample  vith  the  same  structure  as  for  the 
previous  case.  In  this  instance  the  current-field  measurements  were 
extended  to  electric  fields  that  were  tvice  as  high.  The  low-field  results 
appear  nearly  the  same  and  the  extended  electric  field  range  shows  a 
continued  steady  decline  in  mobility. 
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Hall  mobility  in  the  GaAs  versus  electric  field  strength 
for  another  sample  with  the  same  structure  as  used  in 


The  results  of  euxzent-f ield  measurements  made  on  s  staple  with  the 
ssae  structure,  but  with  z  “  0.16  instead  of  x  **  0.32,  is  shown  in 
Fig.  4.24.  In  this  ease  the  staple  was  iaaersed  in  liquid  he lion  and  higher 
aagnetic  fields  were  applied  with  a  superconducting  aagnet.  The  contact 
separation  in  the  conducting  layers  was  again  10  pa.  This  staple  had  an 
electrode  attached  to  the  hack  substrate  so  that  backside-gate  voltages 
could  be  applied  to  shift  the  electron  distribution  nearer  or  farther  froa 
the  heterojunction.  The  calculation  of  GaAs  aobility  versus  electric  field 
was  perforaed  using  -  7.5  x  10~7  ca2,  Aj  .  4.32  x  10-8  cu2, 
n  =  3  .3  x  102^  ca-2,  »  1500  cm2/ Vs,  and  B  ■  9.4  kG.  Current-field  data 
was  included  for  the  cases  of  backside-gate  voltages  of  +60  V  and  -60  V. 
The  results  are  plotted  in  Fig.  4.23. 

As  expected,  the  application  of  a  positive  backgate  bias  results  in  a 
slightly  higher  aobility  at  the  higher  fields  since  the  carriers  are  pulled 
farther  into  the  undoped  GaAs  and  away  froa  the  scattering  influences  at  the 
heterojunction.  Siailarly  a  negative  bias  acts  to  drive  the  electrons 
closer  to  the  junction,  subjecting  thea  to  a  higher  scattering  rate  which 
results  in  a  lower  aobility. 

It  is  expected  that  when  a  positive  backgate  bias  is  applied  to  the 
structure,  the  population  of  the  upper  subband  may  increase  causing  the 
mobility  drop  due  to  intersubband  scattering  to  occur  at  a  lower  electric 
field  strength.  It  is  not  clear  in  Fig.  4.25  whether  any  shift  in  the 
curves  due  to  intersubband  scattering  has  taken  place.  This  lack  of  change 
could  have  been  caused  for  a  variety  of  reasons  which  include:  the 
intersubband  scattering  may  be  too  small  compared  to  the  polar  optical 
phonon  scattering  in  this  field  range,  the  potential  well  at  the  interface 
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Fig.  4.24:  Results  from  current-field  measurements  made  at  4.2  K  on  a 
single-period  sample  (Fig.  4.20)  with  x  =  0.16.  The 
characteristics  were  plotted  for  two  magnetic  field  strengths 
in  addition  to  the  case  with  no  magnetic  field. 
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Fig.  4.25:  GaAs  mobility  versus  electric  field  characteristics  for 
several  backside  gate  voltages  on  the  one-period  sample 
measured  in  Fig.  4.24.  Mobility  values  were  calculated 
using  the  B  =  9.4  kG  and  B  =  0  current-field  curves. 


■ay  not  have  been  deep  enough  (for  x  ■  0.16  and  these  particular  band¬ 
bending  characteristics)  to  contain  an  upper  subband  level,  or  the  bias  of 
60  volts  wasn't  large  enough  to  significantly  change  the  intersubband 
scattering  threshold. 

Van  der  Pauw-Hall  measurements  on  these  structures  (with  z  *  0.16  and 
z  =  0.32)  indicated  that  the  very  low-teaperature  peak  nobility  of  the 
z  *  0.32  structure  was  about  3/2  tines  that  of  the  z  =  0.16  structure. 
Since  the  nagnetic  field  strength  used  for  the  nobility  aeasurements  of  the 
z  =  0.16  sample  was  about  3/2  tines  (9.4  kG  vs.  6  kG)  that  used  for  the 
z  =  0.32  sample,  the  peak  values  of  both  samples  were  nearly  equal. 
Then,  since  the  layer  structure  and  ohmic  contact  structure  of  both  samples 
were  also  the  same,  it  seems  justifiable  to  make  some  qualitative 
comparisons  of  the  features  of  Fig.  4.23  (with  z  =  0.32)  and  Fig.  4.25  (with 
x  =  0.16)  . 

The  higher  AlAs  mole  fraction  sample  (z  -  0.32)  reaches  its  peak 
mobility  at  a  slightly  lower  electric  field  than  the  sample  with  z  =  0.16. 
The  GaAs  mobility  of  the  higher  AlAs  mole  fraction  sample  also  decreases 
more  quickly  with  higher  electric  fields.  The  sample  with  z  =  0.32  drops  to 
one  half  of  its  peak  mobility  at  E  «  1.4  kV/cm  whereas  the  sample  with 
z  =  0.16  doesn't  drop  to  one  half  of  its  peak  mobility  until  E  £  3.0  kV/cm. 

These  features  could  be  ezplained  by  the  fact  that  the  larger  mole 
fraction  sample  (z  =  0.32)  has  a  significantly  higher  low-field  mobility.  A 
higher  mobility  would  allow  the  electrons  to  gain  enough  energy  to 
spontaneously  emit  phonons  at  lower  electric  fields. 

Fig.  4.26  displays  the  current-field  measurements  of  a  z  =  0.32  sample 
measured  with  higher  magnetic  fields  in  the  superconducting  magnet.  This 
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Fig.  4.26:  Current-field  data  measured  at  4.2  K  with  magnetic  field  strengths  of  B  ■  0,  10,  and  20  kG. 

The  single-period  structure  (shown  in  Fig.  4.20)  had  an  AlAs  mole  fraction  of  x  «  0.32. 


device  had  a  top-surface  contact  separation  of  20  pa  and  also  bad  a 
backside-gate  electrode.  Back  bias  voltages  of  +200  V  and  -200  V  were 
included  when  measuring  the  current-field  characteristics  of  this  sample. 
The  GaAs  mobility  was  calculated  as  before  using  A^  -  7.5  x  10~^  cm^ ,  A^  ■ 
3.6  x  10"8  cm^,  n  =4.6  x  10*^  cm-8,  p^  =  1500  cm^/Vs,  and  B  =  20  kG.  The 
results  are  plotted  in  Fig.  4.27. 

As  before,  a  positive  bias  increases  the  mobility  in  the  GaAs  while  a 
negative  back  bias  lowers  it.  Although  the  bias  voltages  used  here  have 
been  increased  by  more  than  a  factor  of  three  over  the  previously  discussed 
sample,  there  is  still  no  clear  shift  in  the  mobility  drop  that  can  be 
related  to  the  onset  of  intersubband  scattering.  Therefore,  it  is  not 
evident  if  intersubband  scattering  contributes  significantly  to  the  steady 
decrease  in  mobility. 

A  word  of  caution  should  be  added  here  about  placing  very  much  emphasis 
on  the  high-mobility  features  in  Fig.  4.27.  Due  to  the  large  magnetic  field 
used  (20  kG) ,  the  bigger  separation  of  the  electrodes  (20  pm)  and  the  high 
mobility  of  this  structure,  it  is  possible  that  significant  distortion  of 
the  deflected  current  paths  may  have  occurred  near  the  edges  of  the 
electrodes.  This  would  shift  the  peak  high-mobility  characteristics  toward 
higher  electric  fields  and  lessen  the  calculated  values  of  the  mobility 
(especially  near  the  peak). 

4.3  Low-Field  Surface  Acoustoelectric  Effects 

In  one  set  of  samples  in  which  the  AlGaAs  layer  was  so  highly  doped 
that  it  became  the  main  contribution  to  conduction,  a  sharp  negative 
differential  resistance  was  observed  at  very  low  electric  fields.  Fig.  4.28 
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Fig.  4.27:  A  plot  of  GaAs  mobility  versus  electric  field  for  several 
values  of  backside  gate  voltages.  The  data  was  obtained 
using  the  B  =  0  and  20  kC  current-field  curves  in  Fig.  4.26. 


Fifi*  “**28:  Current— field  characteristics  at  77  K  and  300  K  for  a  single— period  structure  with 

x  =  0.20.  The  sharp  negative  differential  resistance  at  low  fields  at  77  K  is  thought 
to  be  caused  by  a  surface  acoustoelectric  effect  in  the  sample. 


shows  s  representative  ezample  of  this  low-field  negative  diffsrsntisl 
resistance  (NDR)  which  occarrsd  oslj  st  low  temperatures. 

Ths  MBS  sing ls-psriod  struct arc  consisted  of  s  1S00  1  doped  AlxGaj_xAs 
(z  “  0.20)  layer  grows  os  top  of  s  1.6  pm  ssdoped  GsAs  lsyer.  Two  ohaic 
contacts  were  diffused  down  through  the  semiconductor  surface  end  the 
standard  aethods  were  employed  to  measure  the  current-field  characteristics 
using  600  ns  voltage  pulses.  The  AlGaAs  nobility  of  the  saaples  was  about 
M  *  1500  ca  /Vs  so  that  pE  s  vf  at  low  fields,  where  v9  was  the  longitudinal 
sound  velocity  in  the  AlGaAs. 

It  was  also  seen  that  there  was  a  slow  tine-dependent  drop  in  the 
current  pulses  [351  that  varied  with  electric  field  strength  as  shown  in 
Fig.  4.29.  These  effects,  together  with  the  disappearance  of  the  effect  at 
300  K.  strongly  suggest  that  this  phenomenon  is  causes  by  a  surface 
acoustoelectric  effect. 

Electrons  traveling  near  the  speed  of  sound  through  the  AlGaAs  layer 
amplify  surface  acoustic  waves  within  ~  1000  \  of  the  surface.  This 
determines  the  frequency  of  the  amplified  surface  waves  to  be  ~  10  GHz 
[115].  The  unusually  strong  sound  amplification  slows  and  bunches  the 
electrons  causing  the  accompanying  abrupt  NDR.  The  effect  does  not  occur  at 
room  temperature  because  the  sample  length  was  too  short  to  compensate  for 
the  higher  lattice  losses  at  300  K. 

The  peak-to-valley  ratio  and  electric  field  threshold  for  the  negative 
differential  resistance  varied  considerably  from  one  sample  to  another  from 
the  same  wafer.  Fig.  4.30  shows  the  I-E  curves  for  a  sample  with  a  large 
peak-to-valley  ratio  and  the  NDR  threshold  near  300  V/cm.  Fig.  4.31  shows 
the  curves  for  another  sample  from  the  same  wafer  with  a  considerably 
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Fig.  4. 30:  Current-field  data  for  77  K  and  300  K  from  another  sample  with  the  same  structure  as 

in  Fig.  4.28.  The  negative  differential  resistance  at77K  is  especially  strong  in  this  sample.. 


the  samples  measured  in  Figures  4.28  and  4.30.  The  onset  of  the  NDR 
particularly  low  electric  field  near  100  V/cm. 
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tsaller  peak-to-valley  ratio  bat  the  NDR  occur*  at  a  aach  saaller  field  of 
~  100  V/ca. 

The  effects  reported  here  were  observed  only  in  the  set  of  saaples 
fabricated  froa  one  wafer  and  were  not  observed  in  any  of  the  other  saaple 
structures  studied  daring  the  coarse  of  this  research.  The  discovery  of 
this  effect,  however,  suggests  the  possibility  of  direct  generation  of 
surface  acoustic  waves  which  aight  be  far  superior  to  the  bulk 
acoustoelectric  effect.  This  superiority  is  due  to  the  versatility  of  the 
MBE  growth  process  and  the  saallness  of  the  structures,  which  can  be  aade  of 
the  order  of  the  coherence  length  of  the  generated  sound.  One  could 
therefore  avoid  the  incoherent  aaplif ication  that  is  usually  found  in  bulk 
material. 

4.4  Summary 

Measurements  of  the  low-field  electrical  characteristics  of  GaAs- 
AlxG“l-xAs  heterostructures  have  been  reported.  In  all  the  samples  tested, 
it  was  found  that  the  very  high  mobilities  measured  at  low  temperatures  with 
very  low  electric  fields  (such  as  with  Hall  measurements)  decreased  very 
rapidly  with  increasing  electric  field  strengths.  The  mobilities  were  seen 
to  drop  significantly  at  electric  fields  below  500  V/cm. 

The  mobility  decline  as  a  function  of  electric  field  was  seen  to  be 
very  dependent  on  temperature.  The  largest  mobility  reductions  occurred  at 
low  temperatures  where  the  initial  low-field  mobility  was  the  greatest.  At 
higher  temperatures  (200  K  to  300  K)  there  was  comparatively  little  change 
in  the  mobility  as  a  function  of  electric  field  for  fields  up  to  2  kV/cm. 
In  all  cases  it  appeared  as  though  the  greater  the  magnitude  of  the  peak 
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low-field  Mobility,  tha  faster  was  its  rate  of  decline  as  the  electric  field 
was  increased. 

It  was  fonnd  that  the  low-field  electron  nobility  at  all  tenperatnres 
in  these  samples  increased  with  an  increase  in  the  AlAs  sole  fraction. 
Increasing  the  AlAs  nole  fraction  z,  which  increases  the  conduct ion-band 
discontinuity,  is  thought  to  improve  the  mobility  by  reducing  the  Coulomb 
interaction  between  the  spatially  separated  donors  and  electrons. 

The  intrinsic-layer  width  d^  was  also  found  to  be  significant  in 
determining  the  low-field  mobilities  and  current-field  characteristics  of 
the  heterostructures.  There  was  found  to  be  an  optimum  intrinsic-layer 
width  for  maximizing  the  low-field  mobility  that  changed  for  different 
structures.  The  optimum  value  is  obtained  by  balancing  the  mobility 
improvement  due  to  decreased  electron-donor  interaction  at  larger 
separation,  with  the  mobility  decrease  due  to  less  electron  transfer  and 
screening  when  d^  is  increased. 

Current-field  measurements  on  a  variety  of  structures  indicated  that 
three-  and  nine-period  heterostructures  exhibit  more  cases  of  current 
saturation  and  instances  of  different  temperature  curves  intersecting  than 
do  single-period  samples.  These  more  pronounced  fluctuations  in  current 
would  make  the  use  of  multiperiod  heterostructures  for  FET  applications  more 


difficult. 

In 

fact,  it  has 

been  seen  in 

all  our  studies  to 

date  that 

the 

perf  ormance 

of 

single-period 

GaAs-AlGaAs 

structures  are 

superior 

to 

multiple-period  structures  for  FET  applications. 

If  the  doped  AlGaAs  layers  are  sufficiently  thick  or  highly  doped  so  as 
not  to  become  depleted  of  electrons  at  low  fields,  then  carrier  freeze-out 
is  thought  to  cause  an  initial  reduction  in  the  overall  conductivity  of  the 
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staple  as  it  is  cooled  froa  rooa  teapcrature.  Mobility  enbanceaent  doe  to 
reduced  electron-donor  scattering,  however,  appears  to  doainate  the  staple 
conduction  at  lover  cryogenic  teaperatures.  It  was  also  discovered  that 
trapping  states  snch  as  the  resonant  states  at  a  sharp  interface  aay  eanse 
noticeable  negative  differential  resistance  effects  in  the  low-field  current 
characteristics  of  a  staple. 

A  study  was  aade  of  the  GaAs  mobility  dependence  on  the  electric  field 
strength  in  the  aodulation-doped  structures.  Results  of  aeasureaents  of  the 
geometric  contribution  to  the  aagnetoresi stance  were  used  in  conjunction 
with  an  expression  derived  for  two-layer  conduction  to  calculate  GaAs 
mobility  vs.  electric  field  characteristics  for  several  samples.  It  vas 
discovered  that  the  electron  mobility  initially  increases  with  electric 
field,  reaches  a  peak  for  an  electric  field  less  than  500  V/cm,  and  then 
drops  steadily  for  higher  fields.  The  initial  increase  in  mobility  has  been 
predicted  theoretically  by  Price.  The  sharp  drop  in  mobility  after  the  peak 
is  thought  to  be  principally  caused  by  the  onset  of  polar  optical  phonon 
scattering.  Significant  phonon  emission  at  such  low  fields  would  be  due  to 
the  unusually  high  mobilities  of  the  electrons  as  a  result  of  modulation- 
doping  effects. 

The  low-field  characteristics  summarized  above  certainly  indicate  that 
predictions  of  FET  performance  at  moderate  electric  fields  near  2  kV/cm 
cannot  be  based  solely  on  extrapolations  from  zero-field  mobilities  obtained 
from  Hall  aeasureaents  at  cryogenic  temperatures.  The  extreaely  high 
mobilities  reported  by  various  laboratories  for  aodulation-doped  GaAs- 

Al^Ga^^As  heterostructures  will  not  scale  up  with  electric  field  strength 
as  device  dimensions  are  reduced.  The  low-field  characteristics  presented 
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in  this  chapter  are  very  iaportant  for  design  oonaiderationa  of 
heterostrnotnre  devioea  using  lateral  electric  fields  to  control  electron 
transport. 

As  will  be  shown  in  the  following  chapter,  velocity-saturation  effects 
and  negative  differential  resistances  coaaonly  occur  for  still  higher  fields 
above  2  kV/ca.  This  will  liait  even  aore  the  perforaance  of  devices 
depending  on  the  lateral  high-nobility  transport  properties  of  aodulation- 


doped  heterostructures. 
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5.  HIGH-FIELD  MEASUREMENTS 

5 .1  Real-Space  Electron  Transfer 

5.1.1  Introductory  Discussion 

The  important  characteristics  of  nodal  a  ti  on-doped  GaAs-Al^Ga^jAs 

structures  which  were  described  in  detail  in  Chapter  2  are  displayed  in 

Fig.  5.1.  Only  the  AlGaAs  is  intentionally  doped,  leaving  the  GaAs  layers 

relatively  free  of  inparities.  This  allows  a  large  redaction  in  ionized- 

donor  scattering  for  electrons  in  the  GaAs  and  as  a  result,  the  mobility  in 

the  GaAs  is  nuch  higher  than  that  in  the  AlGaAs,  especially  at  low 

temperatures.  Due  to  the  lower  band  gap  of  the  GaAs,  the  free  electrons  in 

the  doped  AlGaAs  leave  their  dolors  and  transfer  to  the  GaAs  layer.  Under 

low-field  conditions  the  electrons  are  trapped  in  the  GaAs  by  the 

condaction-band  discontinuity  AE  at  the  interface. 

c 

The  width  of  the  potential  well  holding  the  electrons  depends  on  the 
band-bending  characteristics  as  well  as  the  GaAs  layer  width  a»  can  be  seen 
in  Fig.  5.2.  When  the  band  bending  is  not  very  large,  as  in  Figs.  5.2(a) 

and  (b),  the  potential  well  containing  the  bound  states  is  the  same  width  as 

the  GaAs  layer.  When  the  band-bending  is  sufficiently  large,  however,  the 
electrons  are  confined  to  a  thinner  quasi-tr iangular  potential  well  as  shown 
in  Fig.  5.2(c)  and  a  two-dimensional  electron  gas  (2DEG)  forms  at  the 
interface.  The  undoped  AlGaAs  layers  of  width  d^  in  Fig.  5.2  are  used  to 
increase  the  mobility  in  the  GaAs  material  near  the  interface.  The 

influence  of  these  "intrinsic"  AlGaAs  layers  was  explained  thoroughly  in 
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Fig.  5.1:  Schematic  diagram  displaying  the  doping  profile, 

general  locations  of  higher  mobility,  and  the  simplified 
conduction-band  configuration  of  a  modulation-doped 
GaAs-Al  Ga  As  heterostructure  [261- 


Chapter  2. 


Then  *  large  electric  field  is  applied  parallel  to  the  he teroj unction 
interfaces,  the  electrons  in  the  GaAs  are  heated  to  energies  far  above  their 
thermal  equilibrium  values.  Since  the  power  absorbed  by  the  electrons  is 
proportional  to  their  mobility,  the  high-mobility  electrons  in  the  GaAs  are 
heated  much  more  than  the  electrons  in  the  low-mobility  AlGaAs.  If  the 
electric  field  is  large  enough,  the  electron  energies  in  the  GaAs  can  become 
comparable  to  the  conduction-band  discontinuity  AEc  and  the  electrons  can 
propagate  into  the  adjacent  AlGaAs  layer  as  shown  in  Fig.  5.3.  These 
electrons  acquire  the  momentum  to  cross  the  interface  either  by  being 
scattered  out  of  the  GaAs  or  through  the  strong  Coulomb  attraction  of  the 
donors  in  the  AlGaAs  layer.  Note  that  the  conduction-band  discontinuity  AE 

c 

must  be  low  enough  (AEc  £  0.32)  so  that  the  electrons  transfer  out  of  the 
GaAs  before  they  transfer  in  k-space  to  the  L  satellite  minima  (causing  the 
Gunn  effect) . 

When  the  hot  electrons  transfer  in  real  space  from  the  high-mobility 
GaAs  to  the  low-mobility  AlGaAs  layer  a  negative  differential  resistance 
(NDR)  can  occur  as  proposed  by  Hess  in  1979  [26].  The  NDR  caused  by  real- 
space  transfer  is  analogous  to  the  Ridley-Watkins-Hil sum  (RWH)  mechanism 
associated  with  the  Gunn  effect.  In  the  RWH  effect,  the  electrons  transfer 
in  k-space  from  the  high-mobility  central  valley  to  the  low-mobility 
satellite  minima.  The  NDR  mechanism  of  real-space  transfer,  however,  is 
much  more  versatile  than  that  of  the  RWH  effect.  All  the  characteristics  of 
the  real-space  transfer  NDR,  including  the  threshold  electric  field,  can  be 
altered  by  changing  the  A1  concentration  x  (which  changes  AE  ) ,  the  doping 
in  the  A1  Ga,  As,  or  the  other  growth  parameters  such  as  layer  widths. 
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Fig.  5.3:  Schematic  diagram  of  the  conduction  band,  illustrating  the 
thermionic  emission  of  hot  electrons  out  of  the  GaAs 
potential  well  when  a  high  electric  field  is  applied 
parallel  to  the  layers. 
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Thus  the  characteristics  of  the  negative  differential  resistance  can  be 
engineered  to  aieet  the  needs  of  various  device  applications. 

In  order  to  obtain  a  large  NDR  it  is  necessary  to  both  have  a  large 
mobility  difference  between  the  GaAs  and  AlGaAs  layers,  and  also  to  have  the 
AlGaAs  nearly  depleted  of  electrons  at  low  fields.  The  mobility  in  the 
AlGaAs  may  be  lowered  by  using  a  higher  doping  concentration  but  this  can 
also  result  in  more  electrons  being  left  in  the  AlGaAs  to  contribute  to 
conduction  at  low  fields.  When  both  layers  conduct  at  low  fields,  the 
current  reduction  will  be  smaller  when  the  electrons  initially  in  the  GaAs 
transfer  back  to  the  AlGaAs.  Such  cases  of  parallel  (two-layer)  conduction 
can  totally  eliminate  any  NDR  effect.  In  order  to  have  the  impurity 
concentration  high  in  the  AlGaAs  (to  obtain  low  mobility)  and  at  the  same 
time  still  deplete  the  AlGaAs  completely  at  low  fields,  it  may  be  necessary 
to  compensate  the  AlGaAs.  In  single-period  structures  with  the  doped  AlGaAs 
layer  on  top,  pinning  of  the  Fermi  level  below  the  AlGaAs  conduction  band  at 
the  top  surface  may  also  help  deplete  the  AlGaAs  of  electrons  at  low  fields. 

Once  an  electron  has  escaped  from  the  GaAs  layer  it  can  be  recaptured 
in  the  GaAs  potential  well  only  by  losing  energy  through  some  inelastic 
process.  The  strongest  inelastic  process  is  optical-phonon  scattering. 
When  z  is  high  enough  so  that  intervalley  deformation  potential  scattering 
is  important,  the  scattering  is  very  strong  and  electrons  can  be  easily 
collected  in  wells  100  X  thick  or  less.  When  z  is  small,  however,  only 
polar  optical  scattering,  which  occurs  at  an  almost  constant  rate  of 
~  10  s  ,  is  possible.  Then  an  electron  injected  into  the  GaAs  just  below 
the  L  minima  may  travel  about  1000  X  without  substantial  energy  losses. 
However,  after  emitting  one  phonon  the  electrons  are  essentially  captured 
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because  the  emission  of  another  phonon  is  much  more  probable  than  phonon 
absorption. 

The  details  of  real-space  transfer  are  fairly  complicated  and  cannot  be 
derived  analytically.  However,  the  transfer  speed  between  layers  can  be 
estimated  as  discussed  below  and  a  few  of  the  resalts  of  Monte  Carlo 
calculations  performed  by  Glisson  et  al.  [116]  will  be  presented  in  the 
following  section. 

To  calculate  the  switching  speed,  observe  that  the  potential  wells  in 
Fig.  5.2  are  similar  to  the  step-like  wells  in  charge-coupled  devices,  where 
electrons  move  by  diffusion  from  one  gate  to  another.  Using  this  analogy, 
one  can  obtain  the  time  t^  which  the  electrons  need  to  fall  back  into  the 
GaAs  layer  after  switching  off  the  "heating"  field  [26]: 

ts  -  4L22/n2D  (5.1) 


where  is  the  thickness  of  the  Al^Ga^^As  layer,  and  D  is  the  diffusion 
constant  in  the  ^x®ai_xAs.  This  formula  is  valid  only  as  long  as  the 
diffusion  concept  applies  and  the  mean  free  path  for  phonon  emission  is 
smaller  than  L^,  the  thickness  of  the  GaAs  layer.  If  is  longer  than  , 
the  probability  of  an  electron  being  captured  in  the  well  is  reduced  by 
Ll/Xph*  Eq.  (5.1)  then  becomes 

‘s  “  4L22V*2DL1  ‘  (5'2) 


o  _f 

For  typical  values  such  as  =  Lj  =  400  A,  £  10  cm,  and  D  *  1  cm Vs, 
one  obtains  t^  <  1.62  z  10-**  s,  which  is  an  attractively  short  time  for  a 
variety  of  applications.  Of  course,  one  must  add  the  time  required  for 
heating  and  cooling  of  the  electrons,  about  5  x  10  s,  to  ts>  In  deriving 
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Eq.  (5.2)  it  was  assumed  that  there  is  no  potential  barrier  as  seat  in 
Fig.  5.4.  caused  by  the  ionized  donors  in  the  AlxGa£_zAs.  The  potential 
barrier  created  by  such  donors  is  comparable  to  kT^/e  for  an  AlxGsj_xAs 
layer  width  of  600  X,  a  net  doping  concentration  of  10*^  cm-^,  and  * 
300  E.  Here  is  the  temperature  of  the  crystal  lattice. 

If  the  layers  are  very  thin  and  the  potential  barrier  created  by  the 
donors  is  high,  the  diffusion  concept  breaks  down  and  the  back  transfer  will 
be  "thermionic  emission"  limited.  The  principles  of  the  thermionic  emission 
current  are  well  known  and  one  can  obtain  the  back-transfer  time  [117]: 


*  eNcLiao  ,  iJte 

5  ‘  A*TLV  “p  ‘  V 


(5.3) 


where  A*  is  the  Richardson  constant,  m*  is  the  effective  mass,  m^  js  the 

free-electron  mass,  is  the  potential  barrier  created  by  the  donors  in  the 

A1xGal-xAs*  and  Nc  *s  the  eff«ctive  density  of  states  in  the  AlxGaj_zAs. 

For  eip^/kT^  £  2,  ts  is  about  10-*^  s,  end  therefore  the  transfer  speed  is 

also  determined  by  the  heating  and  cooling  time  and  the  time  needed  to 

resupply  electrons  with  high  enough  kinetic  energy  to  overcome  the  barrier. 

Both  time  constants  are  determined  by  collision  rates  and  are  about  5  x  10“ 
12 

s.  The  correctional  factor  of  must  again  be  included  for 

Xph  >  Ll* 


The  transfer  out  of  the  GaAs  is  also  dominated  by  the  time  constant  in 


Eq.  (5.3).  One  need  only  replace  ^  by  the  band-edge  discontinuity  AEC  and 
the  lattice  temperature  by  the  actual  temperature  of  the  carriers  Tc, 
which  is  much  larger  than  for  high  fields.  The  results  of  several 
calculations  using  Eq.  (5.3)  will  be  discussed  in  Section  5.3. 


significant  hand-bending  effects.  Note  the  potential  barriers 
formed  in  the  AlGaAs  layer  due  to  the  ionized  donors. 
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5.1.2  Review  of  Mont*  Cirlo  Calculations 

Monte  Carlo  studies  of  real-space  transfer  in  GaAs-AlGaAs  layered 
heterostractnres  have  been  performed  by  Glisson,  Shichijo,  and  co-workers 
[116].  They  fonnd  that  the  Monte  Carlo  calculations  predicted  a  negative 
differential  resistance  (NDR)  for  properly  chosen  heterostructures. 
Calculations  also  indicated  that  the  peak-to-val ley  ratio  of  the  NDR  could 
be  controlled  by  the  layer  width  and  mobility  ratio,  the  onset  of  the  NDR 
could  be  controlled  by  the  AlAs  mole  fraction  (barrier  height),  and  the 
speed  of  the  device  could  be  controlled  by  the  layer  thicknesses.  The 
simulations  also  indicated  that  the  real-space  transfer  (RST)  effect 
occurred  well  efore  the  k-space  transfer  (Gunn  effect)  for  junction  barrier 
heights  of  approximately  200  meV. 

The  Monte  Carlo  method  was  applied  to  the  material/device  configuration 
shown  in  Fig.  5.5.  The  GaAs  and  AlGaAs  layer  widths  were  denoted  by  d^  and 
&2>  respectively.  The  model  assumed  an  abrupt  potential  barrier  of  height  AE 
in  the  GaAs,  and  band-bending  effects  were  neglected.  The  electric  field 
created  by  the  ionized  donors  in  the  space-charge  region  of  the 
heterojunction  was  also  neglected.  This  field  ends  to  attract  energetic 
electrons  from  the  GaAs  into  the  A1xGaj_xAs.  Hence,  it  would  enhance  the 
transfer  out  of  the  well  and  impede  transfer  back  into  the  well.  This  would 
enhance  the  negative  resistance  effect  reported  here. 

The  electrons  drift  in  a  uniform  electric  field  applied  in  the  y- 
direction  parallel  to  the  heterojunction  interface.  The  one  electron 
simulation  begins  by  releasing  an  electron  from  the  center  of  the  GaAs  well 
with  thermal  (T  =  300  K)  energy  and  in  a  randomly-selected  direction,  the 
electron  then  undergoes  scattering  interactions  in  the  normal  Monte  Carlo 


framework.  The  scattering  mechanisms  considered  in  these  calculations 
include  acoustic  phonon  scattering,  optical  phonon  scattering,  piezoelectric 
scattering,  equivalent  and  non-equivalent  intervalley  scattering,  ionized- 
impurity  scattering,  and  random  potential  alloy  scattering  in  the  Al^Ga^ 
xAs.  In  the  calculations  reported  here  only  the  r(000)  and  L(lll) 
conduction  bands  were  considered  for  GaAs,  and  only  the  r (000)  conduction 
band  was  considered  in  the  Al^Ga^.jAs.  This  represented  adequate  band- 
structure  details  to  illustrate  the  essential  features  of  real-space 
transfer  in  GaAs/AlGaAs  heterostructures. 

Carrier  compensation  was  utilized  in  the  simulation  in  order  to  vary 
the  mobility  of  electrons  in  the  AlGaAs.  The  free  electron  density  in  the 
scattering  rate  for  ionized- impurity  scattering  was  taken  to  be  10A'  cm  , 
while  the  net  ionized-impurity  density  was  allowed  to  vary  from  102^  cm  2  to 
1020  cm-2.  This  varied  the  electron  mobility  in  the  AlGaAs  from  about 
4000  cm2/Vs  to  50  cm2/Vs.  The  300  K  low-field  mobility  in  the  GaAs  was  held 
constant  at  about  8000  cm2/Vs  by  taking  the  ionized-impurity  density  in  the 
GaAs  to  be  zero. 

The  model  and  procedures  described  above  were  used  to  simulate  the 
electron  transport  in  GaAs/AlGaAs  beterostructures  at  300  K  with  various 
device  thicknesses,  barrier  heights,  and  other  AlGaAs  material  parameters. 
Fig.  5.6  shows  the  steady  state  drift  velocity  of  such  a  structure  for  the 
case  where  the  low-field  mobility  of  the  GaAs  is  8000  cm2/Vs  and  that  in  the 
AlGaAs  is  about  50  cm2/Vs.  Here,  the  ionized-impurity  density  in  the  AlGaAs 
is  1020  cm-^  and  the  barrier  height  is  0.2  eV.  In  this  figure  the  drift 
velocity  in  the  device  structure  is  compared  to  that  for  bulk  GaAs  and 
AlGaAs.  The  transport  in  the  AlGaAs  remains  essentially  ohmic  for  the  range 
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of  electric  fields  shown  in  Fig.  5.6,  although  at  fields  near  15kV/cm  the 
transport  in  the  AlGaAs  wonld  become  non-linear  and  would  eventually  exhibit 
velocity  saturation.  The  peak  velocity  for  the  real-space  transfer 
structure  is  1.6  x  10^  cm/s  and  the  threshold  field  is  about  2.8  kV/cm.  The 
onset  of  electron  transfer  to  the  AlGaAs  layers  occurs  at  a  field  of  about 
2  kV/cm,  as  can  be  seen  in  Fig.  5.7.  This  figure,  which  shows  the  relative 
number  of  electrons  in  the  two  adjacent  materials,  illustrates  that  for  the 
material  thicknesses  and  barrier  height  used  a  substantial  number  of 
electrons  remain  in  the  GaAs,  even  for  fields  well  above  threshold.  The 
ratio  of  electrons  in  the  two  materials  largely  determines  the  peak-to- 
valley  ratio  of  the  real-space  transfer  device  [26]. 

Fig.  5.8  shows  a  velocity-field  characteristic  at  300  K  when  the  AlGaAs 
mobility  is  4000  cm  /Vs.  Here,  a  substantial  number  of  electrons  remain  in 
the  GaAs  for  fields  well  above  8  kV/cm,  and  the  two  materials  are  equally 
important  in  determining  the  drift  velocity  in  the  heterostructure  for 
fields  above  the  threshold  field  of  GaAs.  This  figure  serves  to  illustrate 
that  a  layered  heterostructure  device  might  be  used  to  achieve  an  adjustable 
velocity-saturation  mechanism  with  very  small  or  negligible  negative 
differential  resistance  where  the  saturation  velocity  at  300  K  is  well  above 
the  value  normally  obtained  in  silicon  or  indirect  band  gap  AlGaAs  ternary 
systems.  It  is  worth  noting  that  in  Fig.  5.8  there  is  a  slight  negative 
differential  conductivity  in  the  AlGaAs  even  though  only  the  central 
valley  was  used  in  the  simulation.  This  is  due  to  the  nonparabolic  nature 
of  the  central  conduction  band. 

Note  that  since  compensated  AlGaAs  material  was  unattainable  for 


experimental  study  during  the  span  of  this  research,  doping  levels  near 
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10  cm  were  used,  for  the  experimental  measurements  so  that  the  AlGaAs 
coaid  be  nearly  depleted  of  electrons  at  low  fields.  Thus,  the  RST  device 
carve  in  Fig.  5.8  indicates  the  type  of  resalt  that  may  be  typically 
expected  for  the  experimental  300  K  current-field  carves  presented  in  the 
following  section. 

5.1.3  Carrent-Field  Characteristics 

High-field  measurements  were  performed  on  modulation-doped 
heterostructures  of  the  general  type  shown  in  Fig.  5.9.  The  AlGaAs  layers 
were  usually  doped  in  the  range  of  lO1^  cm-^  and  the  GaAs  layers  were  not 
intentionally  doped.  Most  of  the  results  reported  in  this  section  were  from 
one-  or  two-period  structures  with  the  AlGaAs  layer  width  being  1000  X. 
Some  samples  contained  undoped  AlGaAs  spacer  layers  and/or  a  top  GaAs  cap 
layer  of  the  sort  described  previously.  The  AlAs  mole  fraction  x  was  0.17 
for  most  of  the  data  reported  here,  but  higher  x  samples  were  also  studied. 
The  ohmic  contacts  were  most  frequently  made  with  the  AuGeNi  compound  as 
discussed  in  Chapter  3.  The  contacts  were  alloyed  in  flowing  at  450°C 
and  turned  out  to  be  ohmic  in  most  cases. 

When  studying  real-space  transfer  effects,  most  of  the  current-field 
measurements  were  performed  with  the  simple  two-contact  device  structure 
shown  in  Fig.  5.9.  This  contact  configuration  was  the  easiest  to  construct 
and  use  for  testing.  Other  multiple-contact  devices  were  also  tested  at 
high  fields,  however.  One  such  structure  (etched-Hall  pattern)  was 
described  in  Chapter  4  and  another  configuration  will  be  introduced  in 
Section  5.3.  All  high-field  characteristics  were  measured  using  short 
voltage  pulses  and  the  sampling-oscilloscope  circuit  arrangement  presented 


in  Chapter  3 . 
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The  current-field  characteristics  presented  in  Fig.  5.10  were  measured 
at  300  K  and  were  representative  of  the  data  obtained  from  many  MBE  and 
MOCVD  wafers  and  device  geometries.  The  AlAs  mole  fraction  was  z  *  0.17  so 
that  the  potential  barrier  height  for  electron  emission  from  the  GaAs  was 
approximately  0.2  eV.  The  carves  exhibit  small  NDR  effects  or  current 
saturation  of  the  form  predicted  by  the  Monte  Carlo  simulations  for 
equivalent  doping  (~  lO1^  cm*~^)  in  the  AlGaAs.  The  onset  of  NDR  occurred  in 
the  range  of  2-4  kV/cm  and  there  was  no  evidence  of  any-Gunn-type 
oscillations. 

Extremely  close  matching  of  experimental  and  theoretical 
characteristics  were  found  in  several  instances.  Fig.  5.11  shows  an 
experimentally  measured  current-field  curve  (solid  line)  superimposed  over 
the  Monte  Carlo  RST  curve  (dashed  line)  for  NQ  •«  lO1^  cm-^  that  was  shown  in 
Fig.  5.8.  The  characteristics  are  seen  to  compare  quite  closely. 

Fig.  5.12  shows  a  typical  result  obtained  for  MBE  samples  which  were 
made  with  a  single  layer  of  doped  Al^Ga^^As  on  top  of  a  not  intentionally 
doped  layer  of  GaAs.  The  AlGaAs  layer  was  initially  1000  X  thick  and  was 
somewhat  highly  doped  (~  6  x  10  '  cm  )  so  that  the  AlGaAs  was  not  fully 
depleted  of  electrons  at  low  fields.  As  a  result,  the  curves  measured  at 
both  77  K  and  300  K  showed  little  evidence  of  a  negative  differential 
resistance  at  high  fields.  The  samples  were  then  placed  in  an  etching 
solution  of  known  etch  rate  and  approximately  500  X  of  AlGaAs  was  etched 
from  the  top  surface  of  the  sample.  The  ohmic  contacts  were  protected  by  a 
covering  of  black  wax  during  the  etch  so  that  the  contact  properties  would 
not  be  affected  by  the  etch. 
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(air  rent-f ield  characteristics  measured  at  300  K  from  two  typical  heterostructures  that  exhibited 
real-space  transfer  effects.  These  curves,  are  representative  of  data  obtained  from  many  MBE  and 
Monvn  wafers  and  device  geometries. 


The  concentration  of  donors  in  the  AlGaAs  was  N_  888  10  cm 


(  uri'i  nt -I  icLd  characteristics  showing  the  occurrence  of  negative  differential  resistance 
.a  sun  K  .Hid  //  K  when  the  At  On  As  layer  thickness  was  reduced  from  1000  to  500  X. 
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It  is  seen  in  Fig.  5.12  that  after  etching  away  half  of  the  top  AlGaAs 
layer  the  cnrrent-f ield  characteristics  exhibited  an  enhanced  negative 
differential  resistance  at  both  77  K  and  300  K.  This  indicates  that  the 
etching  has  caused  a  aore  thorough  depletion  of  the  AlGaAs  at  low  fields 
which  causes  a  greater  reduction  in  current  when  real-space  transfer  occurs. 
This  experiment  provides  a  very  strong  argument  for  the  existence  of 
electron  transfer  into  the  AlGaAs  at  high  fields.  If  the  NDR  effects  were 
due  to  something  like  k-space  transfer  in  the  GaAs,  the  etching  of  the 
AlGaAs  would  not  have  been  expected  to  cause  the  observed  changes. 

One  should  also  observe  in  Fig.  5.12  that  decreasing  the  sample 
temperature  from  300  K  to  77  I  caused  a  very  large  increase  in  the  low-field 
conductivity  as  is  expected  with  modulation-doped  structures.  In  addition, 
it  is  seen  that  the  77  K  curve  after  etching  also  exhibits  a  larger  negative 
differential  resistance  than  the  corresponding  300  K  curve.  This  effect  is 
expected  for  the  real-space  transfer  mechanism  since  the  AlGaAs  mobility 
changes  little  with  temperature  while  the  GaAs  mobility  increases 
significantly  for  lower  temperatures.  Therefore  lowering  the  temperature 
causes  the  difference  between  the  GaAs  and  AlGaAs  mobilities  to  increase  and 
enhances  the  NDR  due  to  real-space  transfer. 

The  etching  experiment  discussed  above,  which  was  performed  on  a  number 
of  wafers,  also  gave  another  indication  of  the  doping  values  by  using  the 
known  depletion  width  obtained  from  the  calibrated  etching  rate  [28]. 

Generally,  the  variety  of  changes  in  the  current-field  characteristics 
which  were  observed  in  samples  with  different  doping  make  it  appear  that 
real-space  transfer  effects  occur  in  these  structures  and  that  the  negative 
differential  resistances  and  current  saturations  observed  are  not  merely 
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caused  by  the  Gunn  effect  in  tbe  GaAs  layer.  Although  it  is  difficult  to 
exactly  deteraine  the  threshold  field  for  the  onset  of  the  NDR  due  to 
contact  effects,  it  was  seen  froa  the  aany  samples  tested  that  in  general, 
the  saaples  with  higher  x  (higher  potential  barriers)  also  tended  to  have  a 
higher  NDR  threshold  field  if  other  wafer  paraaeters  were  siailar.  This 
supports  the  real-space  transfer  concept  since  the  threshold  field  for  NDR 
due  to  k-space  transfer  should  not  be  so  dependent  on  the  value  of  x  in  the 

AlxGal-xAs  i®yers* 

In  the  current-field  aeasureaents  described  above,  inhoaogenei ties  in 
the  electric  field  can  Bask  the  true -microscopic  characteristics  in  the 
field  range  of  the  negative  differential  resistance.  This  effect  is 
difficult  to  evaluate  because  the  continuua  approximation  for  the  impurity 
charge  and  the  band  bending  is  not  very  good  (the  iapurity  spacing  is  of  the 
order  of  the  layer  width).  It  was  mentioned  previously  that  the 
characteristics  of  the  current-field  aeasureaents  depend  sensitively  on 
whether  or  not  the  AlGaAs  layers  are  entirely  depleted  of  free  charge 
carriers.  This  is  shown  again  unmistakenly  in  Fig.  5.13  as  described  below. 

The  current-field  characteristics  of  MBE-grown  samples  from  two 
different  three-period  wafers  were  measured  at  temperatures  of  77  K  and 
300  K.  The  two  wafers  had  identically  grown  structures  except  that  one 
wafer  had  the  AlGaAs  layers  moderately  doped  (N^  ">  7  x  10  cm  J)  whereas 
the  other  was  highly  doped  (N^  >  1  x  10  cm  ).  It  is  seen  in  Fig.  5.13 
that  the  current  of  the  moderately-doped  sample  (dashed  lines)  tended  to 
saturate  around  E  =  2  kV/cm.  The  current  of  the  highly-doped  sample  (solid 
lines),  however,  rose  steeply  throughout  the  measured  field  range  with  only 
a  region  of  inflection  at  higher  fields  to  indicate  the  presence  of  real- 
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space  transfer.  Hie  solid  carves  indicate  the  current-field  schematic  that 
can  occar  when  the  AlGaAs  as  veil  as  the  GaAs  layers  are  significantly 
populated  with  carriers  at  low  fields.  This  implies  that  by  examining  the 
1-E  curves,  one  can  determine  if  electrons  populate  the  AlGaAs  in  addition 
to  the  GaAs  layers.  The  ratio  of  slopes  near  the  inflection  (as  shown  in 
the  inset  of  Fig.  5.13)  is  given  by  [42]: 

!Hl  =  Slone  1  gfiaAs^aAs  I  nAlGaAs^AlGaAs 

■2  S*0"  2  ‘  <”G.A,  ♦  »A1G.A,>  »A1G.A,  '  '  '  ' 

In  all  of  the  samples  measured  during  the  course  of  this  research  we 
have  never  observed  Gunn-type  oscillations.  The  reason  for  this  is  not 
entirely  understood,  but  it  may  be  due  to  the  lack  of  a  local  microscopic 
NDR  in  the  heterostructure  at  the  electric  fields  at  which  real-space 
transfer  effects  occur.  Accumulation  (and  therefore  dipole)  domains  cannot 
be  formed  because  accumulating  electrons  would  be  emitted  out  of  the  GaAs. 
In  addition,  there  is  no  local  microscopic  NDR  in  the  AlGaAs  at  the  electric 
fields  considered.  The  total  lack  of  any  kind  of  instability,  however,  does 
not  follow  from  these  arguments.  The  lack  of  instability  may  instead  [67] 
be  connected  with  fixed  interface  inhomogeneities  at  which  the  electrons 
spill  out  first  and  with  the  fact  that  the  layers  are  very  thin  (Gunn 
instability  is  sensitive  to  the  dimensionality). 

The  experimental  verification  of  real-space  transfer,  as  discussed  in 
this  section,  will  have  a  profound  influence  on  all  devices  using  high-field 
lateral  electron  transport  in  GaAs-AlGaAs  heterostructures.  Consider,  for 
instance,  the  heterostructure  MESFET-type  device  and  MISFET-type  device 
sketched  in  Figs.  5.14  and  5.15,  respectively.  In  Fig.  5.14,  a  Schottky 
barrier  is  formed  by  depositing  A1  on  the  doped  AlGsAs  surface  to  create  the 


Diagram  of  A1  Ga  As-GaAs  heterostructure  FET  with  a  metal-insulator  gate  configuration. 
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gate.  In  Fig.  5.15,  an  insulator  such  as  AljOj  or  Si02  is  grown  between  the 
gate  aietal  and  the  doped  AlGaAs  layer  to  form  a  rectifying  gate  contact.  In 
both  structures  a  high-mobility  channel  will  be  formed  in  the  GaAs  layer 
next  to  the  heterojunction.  The  performance  of  the  FET  will  depend  very 
sensitively  on  the  conduction  through  this  high-mobility  channel.  When  the 
electric  field  between  the  source  and  drain  contacts  becomes  sufficiently 
large  (as  can  occur  easily  in  a  small  FET)  the  electrons  in  the  high- 
mobility  channel  can  be  thermionical ly  emitted  into  the  low-mobility  AlGaAs 
layer.  A  large  reduction  in  device  performance  would  then  obviously  result 
due  to  the  occurrence  of  this  real-space  transfer  effect. 

Similar  effects  have  been  known  to  occur  in  Si-MOSFETs  for  many  years. 
Ning  [118]  has  shown  that  in  the  NOS  system,  high  electric  fields  can  cause 
electrons  to  be  emitted  from  the  Si  into  the  SiO^  over  large  potential 
barriers  of  -  3  eV.  Only  a  few  electrons  can  overcome  such  a  high  barrier 
at  the  Si-SiO^  interface  but,  nevertheless,  this  effect  is  important  over 
extended  periods  of  time  for  device  stability  considerations.  Electrons 
emitted  into  the  SiO^  become  trapped  there  and  contribute  to  the 
accumulating  space  charge  which  causes  an  unwelcome  change  in  the  interface 
potential  leading  to  instabilities  in  the  MOS  device  performance.  Fig.  S.16 
shows  the  drain  current  versus  drain  voltage  characteristics  measured  by 

Hess  [119]  for  a  Si-MOSFET  with  a  high  concentration  of  oxide  charges 
11  2 

(Q  =  6  x  10  e/cm  )  at  the  interface.  Negative  differential  resistances 
o 

were  seen  to  occur  for  temperatures  ranging  from  4.2  to  240  K.  Note  that  at 
10  1  a  strong  hysteresis  took,  place. 

Since  the  above  described  effects  occur  in  Si-MOSFETs  where  the 
electrons  must  overcome  potential  barriers  as  high  as  3  eV,  similar  effects 
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can  occur  more  easily  in  GaAs-Al^Ga^^As  heterostructure  FETs  where  the 
GaAs-AlzGa^_zAs  interface  potential  is  less  than  0.5  eV.  Therefore,  real- 
space  transfer  effects  must  be  carefully  considered  when  designing  transport 
devices  of  this  type  so  as  to  minimize  carrier  loss  froa  the  high-aobil ity 
regions. 

Seal-space  transfer  effects  can  also  have  positive  applications  in  new 
and  innovative  devices.  Two  of  these  novel  device  applications  (a  high 
frequency  oscillator  and  a  fast  switching  and  storage  device)  which  rely 
totally  on  the  real-space  transfer  mechanism  will  be  examined  in  the 
following  two  sections. 

5.2  Tunable  Frequency  Oscillation 

In  the  previous  section  it  was  demonstrated  that  a  lateral  high 
electric  field  causes  electrons  to  transfer  in  real  space  from  a  high- 
mobility  GaAs  layer  to  a  low-mobility  AlGaAs  layer.  In  this  section,  it  is 
demonstrated  that  if  a  dc  plus  ac  electric  field  is  applied  parallel  to  the 
layered  interfaces,  a  new  type  of  conduction-current  oscillator,  making  use 
of  this  real-space  transfer  of  electrons,  can  be  created.  The  applied 
fields  cause  dc  and  ac  heating  of  the  electrons  in  the  low-resistance  GaAs 
layers,  moving  the  carriers  between  the  GaAs  layers  and  high-resistance 
AlGaAs  layers.  This  results  in  the  ac  current  being  180°  out  of  phase  with 
the  ac  voltage  and  causes  power  generation.  Measurements  of  the  oscillation 
behavior  of  normally-fabricated  samples  with  two  ohmic  contacts  were  done  in 
collaboration  with  Coleman  [,30]  and  are  described  below. 

The  three-period  GaAs/nAl  ^Ga^^As  heterostructure  used  in  the 
experiments  is  shown  in  Fig.  5.17.  This  structure  had  a  150  A  undoped 
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Fig.  5.17:  Schematic  representation  of  the  three-period  heterostructure 
used  in  the  fabrication  of  a  tunable  frequency  real-space 
transfer  oscillator.  The  AlAs  mole  fraction  was  x  =  0.20. 
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Al^Ga^.^As  spacer  layer  to  farther  enhance  the  mobility  in  the  GaAs,  bat  it 
is  believed  that  this  is  not  necessary  for  the  oscillator  application.  The 
oscillator  work  reported  here  is  in  its  initial  phase  with  an  optimum 

he terostructure  design  as  yet  to  be  determined. 

The  oscillator  principle  demonstrated  in  this  section  is  believed  to  be 
doe  to  real-space  electron  transfer  and  not  a  Gann  effect.  Here  the  frequency 
of  oscillation  did  not  depend  apon  the  transit  time  (i.e.,  separation 

distance)  between  ohmic  contacts  and  no  domain  formation  phenomena  was 
observed. 

A  tunnel  diode  rf  circuit,  shown  in  Fig.  S.18,  was  used  to  study  the 

oscillator  behavior  in  the  2-25  MHz  range.  This  frequency  range  was  chosen 

to  facilitate  the  oscilloscope  measurements.  The  heterostructure  was 
mounted  in  a  TO-18  transistor  header  which  was  placed  in  liquid  nitrogen. 
Pulse  voltages  in  the  1-5  psec  range  at  low  repetition  rates  of  60  - 
100  Hz  were  employed  to  avoid  heating  the  device  appreciably.  The 
heterostructure  sample  dimensions  were  1  mm  in  width  with  a  50  pm  spacing 
between  the  ohmic  contacts.  Normal  pul sed-vol tage  methods  were  used  to 
measure  an  I-E  curve  of  the  three-period  sample  as  shown  in  Fig.  5.19.  It 
is  seen  that  the  77  X  current  saturated  around  2  kV/cm  and  displayed  a 
slight  negative  slope  for  fields  above  2  kV/cm. 

Measurements  were  made  of  the  oscillator  behavior  using  an  oscilloscope 
when  the  LC  circuit  was  tuned  to  2  MHz  and  25  MHz.  It  was  observed  that  as 
the  pulsed  bias  voltage  was  increased,  one  first  saw  a  small  highly  damped 
ringing  of  the  LC  circuit  at  the  start  of  the  oscilloscope  trace.  Then,  as 
the  NDR  threshold  was  approached,  the  damping  decreased,  the  ringing 
increased,  and  steady-state  oscillation  was  achieved  with  a  further  increase 


100  Hz  were  employed  to  avoid  heating 
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Current-field  characteristics  at  77  K.  and  300  K  for  the  three-period  structure  shown 


in  bias.  The  behavior  at  25  MHz  is  shown  in  the  inset  of  Fig.  5.20  with  the 
bias  field  near  2.6  kV/cm  and  the  peak  rf  voltage  near  3  V.  The  77  K 
current-field  curve  is  repeated  in  Fig.  20  for  reference.  It  was  found  that 
increasing  the  dc  bias  beyond  2.6  kV/ca  did  not  appreciably  increase  the 
peak  rf  voltages. 

The  real-space  transfer  oscillator  characteristics  described  here  are 
different  from  those  of  a  Gunn  oscillator.  In  a  traveling  dipole-domain 
mode  (nl  >  2  x  10  cm  *)  a  Gunn  oscillator  shows  little  response  to  circuit 
tuning  [120].  The  real-space  oscillator,  on  the  other  hand,  could  be 
readily  tuned  in  the  2-25  MHz  range  by  means  of  the  LC  circuit. 
Increasing  the  dc  voltage  of  our  oscillator  above  threshold  did  not 
significantly  increase  the  power  output.  For  the  Gunn  oscillator,  however, 
an  almost  linear  dependence  of  the  output  with  the  dc  input  voltage  has  been 
demonstrated.  The  field  threshold  for  the  real-space  transfer  device 
reported  here  was  about  2  kV/cm  which  is  less  than  the  3.4  kV/cm  threshold 
usually  associated  with  a  Gunn  device.  Dipole  domain  formation  in  the 
heterostructure  appears  to  be  prevented  by  the  electrons  transferring  from 
the  GaAs  to  the  AlGaAs  layers  as  has  been  discussed  previously.  Since  the 
electrons  move  from  one  semiconductor  to  another,  the  oscillator  does  not 
violate  Schockley's  theorem  which  states  that  a  homogeneous  semiconductor 
with  a  negative  differential  mobility  and  a  well-behaved  cathode  contact  has 
a  positive  differential  conductance. 

The  experiment  discussed  above,  while  preliminary  in  nature, 
demonstrates  a  new  type  of  oscillator  which  uses  real-space  electron 
transfer  effects  and  whose  frequency  can  be  readily  tuned  by  an  external 
circuit.  The  frequency  limitation  of  the  oscillator  appears  to  be 
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Fig.  5.20:  The  current-field  characteristic  at  77  K.  is  repeated  from 
Fig.  5.19  with  the  addition  of  the  oscillation  behavior  at 
25  MHz  shown  in  the  inset.  The  peak  rf  voltage  is  about  3  V 


associated  only  with  the  transverse  dimensions  of  the  strnctnre.  Since  the 
transfer  time  between  layers  is  predicted  to  be  less  than  10”*1  s  for 
■  Lj  ■  400  A  (as  discussed  in  Section  5.1.1).  it  may  be  possible  to 
extend  the  frequency  of  the  oscillator  high  into  the  GHz  range.  In 
addition,  since  the  current  flowing  through  the  device  can  be  increased  by 
siaiply  adding  more  conducting  layers  to  the  oscillator,  the  power  output  at 
high  frequencies  could  be  made  quite  large.  Very  high  frequency  operation, 
however,  has  not  yet  been  attempted. 

5.3  Fast  Switchina  and  Storaae  Effects 

In  this  section,  experimental  results  will  be  described  that 
demonstrate  the  existence  of  fast  electron  switching  and  storage  effects  in 

GaAs-Al^Ga^.jAs  heterostructures  when  electric  fields  are  applied  separately 
to  different  layers. 

It  has  been  demonstrated  that  when  a  high  electric  field  is  applied 
parallel  to  the  layer  interfaces,  the  bigh-mobil ity  electrons  in  the  GaAs 
layers  will  be  heated  to  energies  far  above  their  thermal  equilibrium 
values.  Vhen  these  high-field  induced  electron  energies  are  comparable  to 
the  GaAs-AlxGaj_xAs  conduction-band  discontinuity  AEC,  the  electrons  can 
propagate  into  the  adjacent  Al^Ga^_xAs  layers.  Suppose,  however,  there  are 
also  nearby  GaAs  layers  containing  no  applied  electric  field.  The  electrons 
scattered  into  an  Al^Gaj_xAs  layer  from  a  high-field  GaAs  layer  on  one  side 
may  then  enter  the  low-field  GaAs  layer  on  the  other  side.  The  energetic 
electrons  entering  the  low-field  GaAs  region  can  lose  energy  through  phonon 
emission  and  as  a  result,  they  become  trapped  in  this  GaAs  layer  if  the 
temperature  is  not  high  enough  for  them  to  escape  by  thermal  emission. 
Fig.  5.21  depicts  this  transfer  of  electrons  from  a  GaAs  layer,  with  an 
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applied  high  electric  field,  through  the  adjacent  Al^Ga^jAs  layer  to  the 
neighboring  GaAs  layer  where  the  electrons  lose  energy  and  become  trapped. 
The  high  energy  (hot)  electrons  are  represented  by  closed  circles  whereas 
the  open  circles  represent  the  electrons  that  have  lost  energy  and  can  no 
longer  escape  from  the  GaAs  well.  Thus  it  is  predicted  that  the  application 
of  an  electric  field  only  in  selected  GaAs  layers  should  allow  one  to 
intentionally  control  the  switching  and  storage  of  groups  of  electrons  in 
the  heterostrnctnre. 

To  calculate  the  switching  time,  one  can  nse  the  well  known  principles 
of  thermionic  emission.  The  transfer  time  ont  of  the  GaAs  can  be  expressed 
by  [117] 

eNc^o  AEc 

s  2  *  exp  (  kT  )  (5‘5) 

Ax  m  c 

C 

•  2  2  + 

where  A  is  the  Richardson  constant  (120  A/cm  K  ),  m  is  the  effective  mass 

in  the  GaAs,  mQ  is  the  free  electron  mass,  Nc  is  the  effective  density  of 
states  the  GaAs,  AEc  is  the  barrier  height  (condaction-band  discontinuity), 
and  Tc  is  the  actual  temperature  of  the  carriers.  Assuming  the  applied 
electric  field  is  such  that  kTc  =AEC  =  0.20  eV  in  a  GaAs  layer  of  width 
L  =  500  X,  one  obtains  ts  *•  2.5  x  10-2^  sec.  However,  the  time  required  for 
heating  of  the  electrons  is  about  5  x  10~*2  sec.  The  electrons  that 
propagate  toward  the  zero-field  GaAs  layer  will  transverse  a  thin  Al^Ga^^As 
layer  (L  =  500  X)  in  less  than  10-*2  s  so  the  switching  time  of  this 
structure  is  determined  by  the  heating  time  of  the  electrons,  namely 
~  5  x  10-12  sec. 

The  storage  time  of  electrons  that  reach  the  cold  (no  applied  field) 
GaAs  layer  can  also  be  expressed  by  the  thermionic-emission  equation  above. 
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When  there  is  no  electric  field  the  electron  temperature  will  be  equal  to 

the  lattice  temperature  of  the  sample.  Thus  the  electron  storage  times  in 

the  cold  layer  (using  Eq.  (5.5))  become  t#  «*  10~®  s  at  T  =  300  K,  t^  »  100  s 

at  T  =  77  K,  and  ts  »  years  at  T  *  10  K  for  the  same  barrier  height  of 

A&c  =  0.20  eV.  These  times  make  the  storage  effect  rather  attractive  for 

high-speed,  low-power,  low-temperature  applications.  Notice  that  the  band- 

edge  discontinuity  enters  exponentially  into  the  equation  for  t^.  It  is 

therefore  conceivable  that  for  high  x  and  high  AE  reasonably  long  storage 

c 

times  can  even  be  achieved  at  room  temperature  (e.g.,  x  =  1,  AE  &  1.06  eV, 

c 

and  ts  »  3,3  x  10^  s  »»  days). 

Sample  configurations  of  the  type  sketched  in  Fig.  5.22  were  used  to 

test  for  switching  and  storage  effects.  These  devices  were  fabricated  from 

GaAs-Al^Ga^_xAs  heterostructures  grown  by  metal  organic  chemical  vapor 

deposition  (MOCVD)  or  molecular  beam  epitaxy  (MBE) .  The  results  to  be 

reported  here  were  measured  from  a  MOCVD  sample  consisting  of  nine  alternate 

pairs  (periods)  of  Al^Ga^As  and  GaAs  layers,  each  500  A  thick.  The  AlAs 

mole  fraction  in  the  A1  Ga.  As  was  0.21  so  that  AE_  «  0.22  eV.  Hall 

measurements  on  independently  grown  layers  under  similar  conditions  were 

used  to  determine  carrier  concentrations  and  mobilities.  The  A1  Ga,  As 

x  1-x 

1 7  —3 

layers  were  doped  with  Se  to  achieve  n  ~  1  x  10■,',  cm  with  a  mobility  of 

7 

Pn  ~  80  cm  /Vs.  The  GaAs  layers  had  an  unintentional  doping  of 
15  —3 

n  ~  2  x  10  cm  with  a  room  temperature  mobility  of  p  ~  6000  cai  /Vs. 

n 

The  test  structure  (Fig.  5.22)  was  fabricated  using  standard 
photolithographic  and  chemical  etching  techniques.  Four  ohmic  contacts  were 
formed  by  vacuum  evaporation  of  AuGeNi  and  subsequent  alloying  at  450°C  for 
10  s  in  flowing  H^.  The  resulting  structure  had  a  dumbbell  shaped  center 
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region  containing  all  nine  beterostractare  periods  contacted  at  each  end  by 
an  ohaic  contact  (labelled  side  contact  in  Fig.  S.22)  that  was  diffused  down 
through  the  top  two  or  three  periods.  The  diffusion  depths  of  the  contact 
constituents  after  alloying  were  measured  in  similarly  prepared  samples 
using  secondary  ion  mass  spectrometry  (SIMS)  and  a  calibrated  Sloan  Dektak 
stylus  instrument  as  described  in  Chapter  3.  The  areas  containing  the  main 
contacts  (see  Fig.  5.22)  were  etched  down  so  that  the  top  three  GaAs- 

A1xGal-xAs  l*yer  psirs  were  removed  leaving  only  the  lower  six  period 
contacted  by  the  alloyed  main  contacts. 

If  the  voltages  are  applied  only  to  the  main  contacts  (no  applied 
voltage  on  side  contacts)  then  only  the  GaAs  layers  in  the  bottom  six 
periods  will  have  high  electric  fields.  Some  of  the  electrons  that  escape 
from  the  GaAs  layers  under  high-field  conditions  in  these  bottom  periods  can 
propagate  into  the  upper  electrically  isolated  layers  nearer  the  surface  in 
the  dumbbell  bridge.  If  the  sample  is  cooled  to  cryogenic  temperatures,  the 
electrons  that  lose  energy  in  these  top  isolated  layers  will  become  trapped 
in  the  GaAs  regions  and  will  not  be  able  to  gain  enough  energy  from  the 
crystal  lattice  or  fringing  low  electric  fields  to  escape  by  thermionic 
emission.  Thus,  as  soon  as  the  electric  field  between  the  main  contacts 
becomes  high  enough  to  cause  electrons  to  be  emitted  from  the  lower  GaAs 
layers,  a  fraction  of  these  electrons  can  propagate  to  the  upper  isolated 
GaAs  layers  where  they  are  trapped.  The  resulting  current  between  the  main 
contacts  will  then  be  reduced  for  ail  following  measurements  of  the  current 
at  lower  fields. 

Suppose  a  voltage  is  then  applied  only  to  the  side  contacts  so  that  the 
resulting  electric  field  in  the  dumbbell  bridge  region  is  high  enough  to 
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allow  thermionic  emission  of  the  electrons  in  the  upper  GaAs  layers  above 
the  main  contacts.  The  initially  higher  concentration  of  electrons  stored 
in  the  top  three  periods  will  then  be  redistributed  to  the  lower  layers, 
thus  returning  the  carrier  concentration  in  the  region  between  the  main 
contacts  to  values  near  those  existing  before  any  voltages  were  applied. 
The  current  between  the  main  contacts  at  low  fields  will  then  also  return  to 
values  very  near  or  perhaps  even  slightly  above  the  original  values. 

The  results  of  current-field  measurements  between  the  main  contacts  on 
a  sample  cooled  to  77  K  are  shown  in  Fig.  5.23.  Measurements  were  performed 
using  700  ns  voltage  pulses  at  low  repetition  rates  to  reduce  sample 
heating.  Measurements  of  the  current  vs.  field  shown  in  the  graphs  were 
taken  at  600  ns  after  the  beginning  of  each  pulse  although  no  time 
dependence  was  observed  in  the  pulses  between  10  and  700  ns.  A  slight 
ringing  during  approximately  the  first  10  ns  of  the  current  pulse  (due  to 
small  impedance  mismatch  reflections)  prevented  a  precise  measurement  of  the 
transfer  time.  The  sample  was  mounted  on  a  temperature-controlled  cold 
finger  in  an  evacuated  sample  chamber  and  standard  50-0  sampling 
oscilloscope  and  x-y  recorder  techniques  were  used.  All  measurements  were 
performed  with  the  sample  in  the  dark.  The  upper  solid  line  in  Fig.  5.23 
shows  the  virgin  current-field  characteristics  between  the  main  contacts 
when  the  first  voltage  was  initially  applied  to  the  main  contacts  (no 
voltage  between  side  contacts).  After  the  electric  field  exceeded  a 
threshold  value  necessary  to  cause  a  real-space  transfer  of  electrons,  the 
voltage  was  returned  smoothly  to  zero  resulting  in  the  lower  solid  curve. 
The  exact  value  of  the  threshold  field  was  difficult  to  determine  since  it 
can  be  influenced  by  the  contact  potential  drops.  The  significantly  lower 


ristics  measured  between  the  main  contacts  at  77  K.  Current  reduction 
(virgin)  voltage  scan  is  due  to  electron  switching  and  storage.  Applying 
contacts  restores  virgin  conditions. 


current  values  measured  as  the  voltage  was  returned  to  zero  indicates  that  a 
fraction  of  the  electrons  have  been  transferred  and  stored  and  can  no  longer 
contribute  to  the  current.  Repeating  the  same  voltage  scan  several  seconds 
later  (dashed  curve  in  Fig.  5.23)  revealed  only  a  slight  change  in  the 
reduced  current.  The  dashed  curve  coincided  with  the  lower  solid  curve 
during  the  decreasing  portion  of  the  voltage  scan.  Another  scan  of  the 
voltage  several  minutes  later  (dot-dashed  curve)  exhibited  only  a  small 
further  increase  in  the  reduced  current ,  indicating  the  number  of  stored 
electrons  has  changed  very  little.  Immediately  thereafter,  a  high  field  was 
applied  between  the  side  contacts  (no  applied  voltage  on  main  contacts)  to 
redistribute  the  stored  electrons.  A  following  voltage  scan  between  the 
main  contacts  nearly  resulted  in  a  retracing  of  the  initial  virgin  solid¬ 
line  current-field  curve. 

The  same  sequence  of  current-field  measurements  were  repeated  with  the 
sample  at  a  temperature  of  10  K  (Fig.  5.24).  The  first  increase  and 
decrease  of  voltage  between  the  main  contacts  resulted  in  a  current 
reduction  (solid  curve)  that  was  larger  than  that  seen  at  77  K.  Repeating 
the  voltage  scan  several  minutes  later  (dot-dashed  line)  again  exhibited 
only  a  small  change  in  the  reduced  current  between  the  main  contacts.  After 
applying  a  high  field  through  the  upper  three  periods  using  the  side 
contacts,  the  current-field  characteristics  between  the  main  contacts 
returned  to  nearly  their  original  values.  The  above  pattern  of  voltage 
applications  was  repeated  several  times  with  the  same  results. 

Measurements  of  the  main  contact  current-field  characteristics  at  room 
temperature,  however,  exhibited  no  evidence  of  current  reduction  (electron 


storage)  on  the  time  scales  of  our  measurements. 
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The  resalts  reported  above  seem  to  verify  that  the  storage  effects 
outlined  at  the  beginning  of  this  section  do  indeed  occur.  It  is  evident 
that  electrons  may  be  switched  very  quickly  to  preselected  regions  of  the 
heterostructure  at  will  (using  selected  pairs  of  ohmic  contacts)  and  that 
the  length  of  time  the  electrons  remain  stored  depends  upon  temperature  in 
the  manner  expected.  The  switching  time  of  the  electrons  between  layers 
could  not  be  determined  with  the  present  experimental  arrangement,  but  the 
effect  was  seen  to  occur  in  much  less  than  10  ns. 

The  sample  preparation  and  contact  diffusion  were  aimed  at  an  elec¬ 
trical  separation  of  the  two  sets  of  layers.  However,  the  degree  of 
separation  under  high-field  conditions  (short  pulses)  is  hard  to  determine. 
One  therefore  cannot  entirely  rule  out  the  participation  of  interface  and 
surface  trapping  in  these  heterostructures.  It  is  unlikely,  however,  that 
the  trapping  of  electrons  in  surface  states  would  be  totally  responsible  for 
the  observed  storage  phenomena  reported  here.  One  would  not  expect  the 
alternate  electric  field  applications  of  nearly  eqnal  strengths  through  the 
two  sets  of  contacts  to  cause  repeated  trapping  and  emission  of  carriers 
from  these  states  in  such  a  manner  as  to  result  in  the  reproducible  storage 
effects  described  above. 

In  addition,  surface  depletion  effects  probably  hampered  the  spreading 
of  electrons  to  the  surface  and  may  have  decreased  the  space  available  for 
electron  storage  in  the  layers  close  to  the  surface.  Any  trapping  of 
electrons  in  surface  states  which  does  occur  under  high  field  conditions, 
serves  to  reinforce  the  concept  of  real-space  transfer  of  hot  electrons  from 
the  high  mobility  GaAs  (to  the  surface  in  this  case)  when  an  electric  field 
of  sufficient  strength  is  applied  parallel  to  the  layers. 
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The  experiments  reported  in  this  section  have  experimentally 
demonstrated  the  use  of  real-space  electron  transfer  to  obtain  electron 
switching  and  storage  effects  in  GaAs-Al^Ga^As  heterostructure  devices, 
electric  fields  were  selectively  applied  to  separately  contacted  layers  to 
induce  the  transfer  of  electrons  from  one  set  of  GaAs  layers  to  another 
nearby  set  of  "cold"  (no  applied  field)  GaAs  layers.  The  switching  effects 
were  shown  to  be  reversible  and  repeatable,  and  the  storage  times  of  the 
electrons  in  the  cold  layers  were  shown  to  be  dependent  on  temperature. 
Switching  times  were  proven  to  be  much  less  than  10  ns  and  are  predicted  to 
be  about  10-**  sec. 

5 .4  Photoconduct ive  Effects 

The  results  presented  in  the  above  sections  were  obtained  from 
measurements  performed  with  the  heterostructure  samples  in  the  dark.  It  was 
found,  however,  that  some  of  the  wafers  displayed  significant  light- 
sensitive  effects  such  as  enhanced  conduction  when  illuminated  with  various 
sources  of  light  including  room  light.  In  most  samples,  this 
photoconductivity  was  significant  only  as  long  as  the  light  source  was 
present  and  was  directly  related  to  the  intensity  of  the  light.  In  samples 
from  a  few  special  wafers,  however,  the  enhanced  conductivity  was  found  to 
persist  long  after  the  source  of  light  was  removed.  The  normal  and 
persistent  photoconduct  ive  effects  found  in  our  GaAs-Al^Ga^^As  samples  will 
be  discussed  in  the  following  two  subsections. 

5.4.1  Norma  1  Photoconduc t ive  Effects 

All  semiconductors  exhibit  some  increase  in  conductivity  when 

of  sufficiently  high  energy  (hv  >  E G) .  This  is  a 


irradiated  with  light 
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consequence  of  the  generation  of  electron-hole  pairs  as  well  as  the 
ionization  of  impurity  and  defect  levels  located  within  the  band  gap.  In 
the  case  of  GaAs-Al^Ga^_xAs  heterostructure  the  absorption  of  optical 
energy  can  also  empty  traps  in  the  AlGaAs  and  provide  the  electrons  with 
sufficient  energy  to  overcome  the  interfacial  barrier  and  spill  into  the 
GaAs  layer.  A  conductivity  increase  will  then  result  due  to  these 
additional  free  electrons  residing  in  the  2DEG. 

Fig.  5.25  shows  the  I-E  curves  at  300  E  for  a  three-period  MBE-grown 
structure  (x  =  0.17)  when  the  sample  is  illuminated  with  normal  room  light 
and  when  it  is  in  the  dark.  The  room  light  increases  the  conductivity  of 
the  sample  throughout  the  midfield  range.  At  very  high  fields  (E  £  5  kV/cm) 
the  current  with  illumination  merges  with  that  from  the  dark.  This  may  be 
due  to  the  trapping  of  electrons  in  the  AlGaAs  that  have  transferred  (real- 
space  transfer)  from  the  GaAs.  The  merging  of  light  and  dark  curves  could 
also  be  at  least  partially  due  to  the  low  mobility  in  the  AlGaAs  which 
greatly  reduces  the  contribution  to  the  current  from  the  extra  carriers  that 
transfer  into  the  AlGaAs  while  the  sample  is  illuminated. 

The  presence  of  the  light  clearly  enhances  the  negative  differential 
resistance  in  the  current-field  characteristic  of  this  sample.  This  was 
seen  to  occur  in  nearly  all  of  the  many  light-sensitive  samples  tested. 
Usually  the  enhancement  in  conduction  and  NDR  while  the  illumination  was 
present  was  virtually  eliminated  immediately  after  the  light  source  was 
removed. 

Increasing  the  intensity  of  the  illumination  increased  the 
photoconduction  in  most  cases,  and  often  improved  the  peak-to-val ley  ratio 
of  the  NDR.  Fig.  5.26  displays  the  I-E  curves  measured  at  300  K  for  a  sample 


Current  (Arbitrary  Units) 


175 


Kill _ I _ ! _ I _ ! _ L 

0  2  4  6  8 

Electric  Field  (kV/cm) 


LP-2238 

Fig.  5.25:  Current-field  characteristics  of  a  three-period  heterostructure 
(x  =  0.17)  at  300  K.  Measurements  were  taken  with  the  device  in 
the  dark  and  exposed  to  normal  roomlight. 


exposed  to  different  intensities  of  illumination.  The  sample  was  grown  by 
MBE  and  contained  a  1000  A  Si-doped  Al^Gaj^As  (x  =  0.17)  layer  on  top  of  an 
undoped  GaAs  layer,  1  pm  thick.  When  the  light  from  a  standard  two-cell 
flashlight  was  added  to  the  background  room  light,  the  conduction  was 
improved  significantly  at  all  measured  field  strengths  as  shown  in 
Fig.  5.26.  Similarly  it  was  found  that  the  current  conduction  was  still 
further  improved  when  the  sample  was  illuminated  with  a  high  intensity  lamp 
(not  shown  in  the  figure). 

Very  large  peak-to-valley  ratios  have  been  obtained  for  the  negative 
differential  resistances  caused  by  real-space  transfer  in  GaAs-AlGaAs 
heterostructures  when  the  samples  were  illuminated.  The  current-field 
characteristic  of  an  illuminated  sample  (with  the  same  structure  as  the 
sample  in  Fig.  5.26)  is  shown  in  Fig.  5.27.  The  peak-to-valley  ratio  of  the 
NDR  in  this  case  it  approximately  3  to  1,  which  is  higher  than  that  attained 
with  k-space  transfer  in  GaAs.  Thus,  sample  characteristics  may  be  adjusted 
to  meet  special  device  needs  by  carefully  controlling  the  illumination. 

Fig.  5.28  displays  the  curious  characteristics  of  a  three-period  MBE- 
grown  sample  measured  in  the  dark  and  in  the  light.  Just  as  in  Fig.  5.13 
there  are  points  of  inflection  in  the  current  in  the  dark  that  are  possibly 
caused  by  conduction  in  the  AlGaAs  at  low  fields  (AlGaAs  not  depleted). 
Shining  room  light  on  the  sample  increased  the  low-field  conduction  while 
the  very  high-field  curves  were  not  noticeably  affected.  It  is  seen  that  at 
300  K  the  light  eliminates  the  inflection  in  the  current-field 
characteristics  while  at  77  K  the  inflection  is  shifted  to  higher  values. 

A  form  of  hysteresis  has  sometimes  been  measured  at  low  temperatures 
for  a  sample  measured  in  the  dark  after  it  has  been  illuminated.  An  example 
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Fig.  5.27:  Results  of  a  current-field  measurement  at  300  K  on  a  single¬ 
period  structure  (x  =  0.17)  which  displayed  a  very  large 
peak-to-valley  ratio  when  exposed  to  roomlight. 
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Current-field  character isL i c:s  measured  at  77  K  and  300  K  for  a  three-period  heterostructure 
(x  =  0.17).  The  curious  points  of  inflection  in  the  current  in  the  dark  were  shifted  when 
the  sample  was  exposed  to  roomlight. 


of  the  hysteresis  is  shown  in  Fig.  5.29.  The  staple  being  measured  had  one 

period  (x  *  0.32)  grown  by  MBE  with  a  200  X  GaAs  cap  layer.  Little  or  no 

hysteresis  was  observed  in  the  dark  carve  when  the  electric  field  was  kept 

below  4  kV/cm.  Since  most  of  the  current  in  this  sample  (AE  »  0.34  eV)  is 

c 

carried  in  the  GaAs  layer  in  this  field  range,  the  hysteresis  effect 
observed  at  higher  fields  is  most  likely  due  to  the  trapping  of  transferred 
electrons  in  the  AlGaAs. 

In  order  to  determine  whether  the  observed  photoconductivity  is  due 
mainly  to  electron-hole  pair  generation  or  excitation  from  trap  levels,  the 
same  sample  was  illuminated  by  passing  the  incident  light  through  a  Ge 
filter,  which  has  a  bad  gap  of  0.67  eV  compared  to  1.43  eV  for  GaAs.  The 
resulting  I-E  characteristics  exhibited  little  change  from  previous  light 
measurements  so  it  is  concluded  that  the  photoconductivity  observed  in  this 
sample  is  primarily  due  to  carrier  emission  from  traps  in  the  AlGaAs  layer. 

Measurements  made  at  77  K  and  300  K  on  the  same  single-period  structure 
with  a  less  intense  light  source  are  displayed  in  Fig.  5.30.  The  dashed 
lines  represent  the  curves  measured  in  the  dark  before  the  sample  was 
exposed  to  light.  At  77  K  the  dashed  lines  show  a  slight  hysteresis,  which 
indicates  a  small  amount  of  trapping  (probably  in  the  AlGaAs  or  at  the 
interface).  At  300  K  there  is  no  hysteresis  and  the  "dark  before  light" 
(dashed)  curve  and  "dark  after  light"  (solid)  curve  nearly  coincide.  The 
dark  after  light  characteristic  at  77  K,  however,  shows  a  significant 
hysteresis  similar  to  that  just  seen  in  Fig.  5.29.  The  room  light  curve  at 
77  K  shows  no  hysteresis  as  expected. 

In  some  wafers  the  low-temperature  hysteresis  was  found  to  be  quite 
large.  For  example,  the  current-field  characteristics  shown  in  Fig.  5.31 
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Typical  current-field  characteristics  of  a  single-period 
structure  (x  =  0.32)  which  exhibited  a  hysteresis  effect 
when  the  sample  was  measured  in  the  dark  at  77  K  after 
having  been  illuminated. 


Fig.  5.29: 


rements  made  on  the  same  single-period  heterostructure  as  in 
light  source.  A  hysteresis  appears  (solid  line)  only  at  77  K. 
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exhibit  «  very  substantial  reduction  in  current  at  77  K  (dark  after  light) 
when  the  field  is  rednced.  It  is  evident  that  a  large  fraction  of  the 
electrons  were  captured  in  traps  at  high  fields.  This  MBE  saaple  structure 
contained  three  periods  with  x  ■  0.17. 

Similar  effects  have  been  seen  as  veil  in  MOCVD-grown  heterostructures. 
The  nine-period  saaple  (x  “  0.21)  measured  for  Fig.  S.32  was  grown  by  MOCVD 
and  exhibited  especially  large  photoconductivity.  The  current  at  both  300K 
and  77  K  when  illuminated  by  a  flashlight  was  twice  the  dark  current  value. 
The  dark  after  light  curve  once  again  shows  a  large  hysteresis  as  was  seen 
in  the  MBE  samples. 

The  above  measurements  have  shown  that  in  various  samples,  there  are 
significant  concentrations  of  trapping  centers  in  the  AlGaAs  or  at  the 
interface  that  can  be  emptied  by  optical  stimulation.  An  enhanced 
conductivity  then  results  as  the  energetic  electrons  transfer  to  the  high- 
mobility  GaAs.  When  the  electrons  are  transferred  by  high  fields  back  to 
the  vicinity  of  the  traps  they  can  be  recaptured.  This  may  result  in  a 
large  hysteresis  in  the  dark  at  low  temperatures,  since  under  these 
conditions  it  is  very  difficult  for  the  electrons  to  regain  enough  energy  to 
escape  from  the  trapping  states  in  the  AlGaAs. 

The  photoconductivity  of  the  samples  at  low  temperatures  exhibited 
various  degrees  of  persistence  after  the  source  of  illumination  was  removed. 
In  most  cases  the  increased  conductivity  decreased  significantly  within  a 
few  minutes,  but  in  some  cases  it  would  persist  for  much  longer  times.  In 
the  following  section,  measurements  will  be  presented  for  a  set  of  samples 
which  displayed  a  persistent  photoconductive  effect  that  lasted  for  many 
hours  at  ’ow  temperatures. 
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Fig.  5.32:  Results  of  current-field  studies  of  a  nine-period  MOCVD  sample  (x  =  0.21)  at  77  K  and  300  K. 

The  dark  after  light  curve  exhibits  a  large  low-temperature  hysteresis  just  as  was  seen  for 
the  MBE  samples  in  Figures  5.29  -  5.31. 
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5.4.2  Persistent  Photoconduct ive  Effect* 

The  set  of  single-period  samples  investigated  in  this  section  were 
characterized  by  a  dramatic  photoconductivity  which  persisted  for  long 
periods  after  the  illuminating  source  was  removed.  The  persistence  of  the 
photoeffect  had  a  time  constant  on  the  order  of  days  and  was  quenched  only 
by  heating  the  sample  above  some  characteristic  temperature.  The  origin  of 
the  effect  is  not  yet  settled  but  may  likely  be  related  to  the  so-called  OX 
center  [121],  which  is  thought  to  be  present  in  the  AlGaAs  layer.  This 
model  and  other  models  for  the  origin  of  the  effect  will  be  discussed  later 
in  this  section. 

The  sample  being  studied  consisted  of  a  single— period  MBE— grown 
structure  with  x  =  0.16.  A  schematic  diagram  of  the  structure  is  repeated 
in  Fig.  5.33.  Two  ohmic  contacts  separated  by  10  or  20  pm  were  alloyed  down 
through  the  conducting  layers  from  the  top  surface  of  the  sample.  The 
sample  was  mounted  on  a  TO-18  header  which  was  attached  to  the  temperature- 
controlled  cold  finger  of  closed— cycle  helium  cryostat.  An  optical  window 
on  the  cryostat  was  fitted  with  a  Ge  filter  and  the  sample  was  irradiated 
with  an  appropriate  light  source. 

The  temperature  dependence  of  the  persistent  photoeffect  was  measured 
with  the  assistance  of  B.  Bereznak  to  determine  its  thermal  threshold.  At  a 
constant  temperature,  current  versus  field  scans  were  recorded,  first  in  the 
dark,  next  with  the  sample  illuminated  and  then  once  again  in  the  dark  after 
the  light  was  removed.  Measurements  were  performed  in  a  sequence  from  high 
to  low  temperatures.  Representative  data  in  the  critical  range  of  thermal 
activation  (100  K  <  T  £  130  X)  is  shown  in  Fig.  5.34.  These  results  show 
that  persistent  photoconductivity  is  strongly  activated  below  130  K. 
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Fig.  5.33:  Schematic  diagram  of  the  cross  section  of  the  single¬ 
period  modulation-doped  heterostructure  with  x  =  0.16 
which  exhibited  a  long-lifetime,  low- temperature 
persistent  photoconductivity. 
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Current-field  characteristics  of  the  heterostructure  shown 
in  Fig.  5.33  showing  the  temperature  dependence  of  the 
persistent  photoconductive  effect.  To  avoid  confusion  only 
the  forward  characteristic  of  the  dark  curves  is  shown 
(the  reverse  hysteresis  has  been  omitted). 
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There  art  other  revealing  features  la  the  "dark  after  light"  traeea  of 
Fig.  3.34.  It  vaa  observed  that  sample  photoconductivity  deereaaed. 
gradually  and  without  an  additional  inorcaent  in  the  eleetrie  field*  ones  a 
certain  field  strength  was  reached.  Evidently  the  photoeondneting  state  *as 
being  quenched  by  the  high  electric  field  since  the  earreat  loss  eaperieaeed 
did  not  recover  after  returning  to  low  fields.  Instead*  subsequent  voltage 
sweeps  repeatedly  produced  conductivity  losses  at  high  fields.  This  la  the 
reason  why  the  dark  curves  follow  the  reverse  characteristic  of  the  dark 
after  light  traces  of  the  previous  taaiperatures. 

Since  the  initial  conductivity  of  the  dark  after  light  curves  are 
always  lower  than  the  light  curves  it  is  apparent  that  only  a  snail  fraction 
of  the  light-induced  conductivity  is  due  to  electrons  that  do  not  reconbine 
quickly  with  trapping  centers  or  holes  when  the  light  is  removed.  These 
remaining  carriers,  however,  persist  in  contributing  to  the  current  for  very 
long  periods  of  time  after  the  light  is  removed  and  are  evidently  associated 
with  a  special  type  of  trapping  center. 

An  experiment  designed  to  measure  the  optical  activation  energy  of  the 
trapping  center  responsible  for  persistent  photoconductivity  was  performed. 
The  experiment  consisted  of  directing  light  from  a  quartz  halogen  bulb, 
which  provides  an  excellent  source  of  infrared  radiation,  onto  a  selective 
diffraction  grating.  The  diffraction  grating  acts  to  separate  out  the 
various  wavelength  components  of  incident  radiation,  depending  on  the  angle 
at  which  the  source  strikes  it.  This  angle  was  adjusted  to  select  a 
specific  wavelength  which  was  then  focused  onto  the  sample  surface.  Sample 
resistance  was  monitored  while  the  wavelength  was  being  swept  from  lower  to 
higher  energies.  A  typical  result  is  given  in  Fig.  5.35  where  the  sample 
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Fig.  5.35:  Plot  of  sample  resistance  as  a  function  of  light  energy  and 
wavelength  for  the  structure  shown  in  Fig.  5.33  with  x  =  0.16. 
The  abrupt  change  in  resistance  marks  the  onset  of  persistent 
photoconductivity  and  is  a  measure  of  the  optical  trap  depth. 
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resistance  of  the  one-period  structure  is  plotted  versus  the  wavelength  of 
the  incident  light.  It  is  seen  that  the  onset  of  trap  activated 
photoconductivity  is  marked  by  the  dramatic  drop  in  sample  resistance  at  a 
wavelength  of  approximately  4.05  pm  (about  0.310  eV) .  This  value  differs 
with  a  reported  thermal  ionization  energy  of  0.107  eV  as  measured  by 
double-pulse  experiments  [122].  A  large  difference  between  the  thermal  and 
optical  activation,  i.e.,  a  large  Stokes  shift,  has  also  been  reported  by 
Lang  et  al.  [121,123]  and  Nelson  [124]  in  connection  with  persistent 
photoconductivity  in  Te-doped  Al^Ga^As.  They  described  a  defect  having  a 
thermal  ionization  energy  0.12  eV  while  the  optical  ionization  energy  was 
1.1  eV. 

The  Stokes  shift  is  also  manifested  in  the  inability  to  quench  the 
photoconducting  state  optically,  i.e.,  by  freeing  holes  in  the  valence  band 
and  exciting  them  to  empty  defect  levels  [125].  Ve  stimulated  the  sample 
directly  with  the  6328  X  (1.96  eV)  line  of  a  He-Ne  laser  and  could  not 
observe  any  photocurrent  loss  from  previous  measurements.  If  an  optical 
quenching  path  were  present  we  would  expect  light  of  this  energy  to  diminish 
the  photoconductivity  (Eg  m  1.72  eV  at  T  =  4.2  K  for  x  =  0.16).  Evidently 
the  transition  is  shifted  to  an  energy  larger  than  the  band  gap. 

Although  the  origin  of  the  persistent  photoconductivity  effect  is  not 
well  understood,  its  temperature  dependence  and  optical  properties  have  been 
best  explained  up  to  now  by  a  large  lattice  relaxation  model  involving  a 
trap  complex  called  a  "DX"  center  in  the  AlGaAs  layer.  From  studies  on  the 
donor  doping  dependence  of  the  center  [121,123,124],  a  complex  involving  a 
donor  and  anion  vacancy  was  proposed. 
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This  aodel  has  been  shown  in  the  literature  to  be  qualitatively 
consistent  with  the  doainant  features  of  persistent  photoconductivity:  the 
very  snail  capture  cross  section,  the  differences  between  the  theraal  and 
optical  ionization  energies,  and  the  inability  to  optically  quench  the 
photocurrent. 

The  trap  coaplez  aodel  was  first  associated  with  Te-doped  AlGaAs  where 
at  teaperatures  below  about  110  E,  lattice  relaxation  produces  a  potential 
barrier  of  about  180  aeV  to  electron  capture,  thus  causing  a  long  lifetine 
photoconductivity  effect.  However,  it  was  recently  reported  by  Druamond  et 
al.  [126]  that  the  strong  correlation  between  the  temperature  dependence  of 
electron  density  as  measured  by  Nelson  for  Te-doped  AlGaAs  and  that  measured 
in  Si-doped  AlGaAs  grown  by  MBE  indicate  that  the  trap  is  not  sensitive  to 
the  substitution  of  Si  for  Te  as  the  donor  dopant.  Thus  the  DX  center  model 
should  apply  equally  well  to  the  Si-doped  AlGaAs  structures  that  are  being 
investigated  here. 

A  second  model  proposes  that  a  doubly-charged  defect  center,  which  is 
strongly  coupled  to  the  indirect  L  or  X  minima  of  the  Brillouin  zone,  is 
responsible  for  the  persistence  effect  in  n-type  Al^Ga^^As.  On 
photoexcitation,  electrons  released  to  a  higher  conduction-band  minima  would 
rapidly  thermalize  to  the  lowest  energy  state  at  T,  leaving  the  center  in  a 
singly-charge  state.  Carrier  capture  is  inhibited  by  the  Coulombic  barrier 
of  the  still  negatively-charged  center.  Saxena  [127]  has  observed  a  trap 
center  having  a  thermal  activation  energy  of  0.210  eV  in  intentionally 
undoped  Al^Ga^_xAs  with  mole  fraction  x  =  0.32.  From  hydrostatic-pressure 
experiments  he  concluded  that  this  deep  level  was  primarily  associated  with 
the  L  conduction-band  minima.  We  feel,  however,  that  this  model  is  somewhat 
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inadequate  since  no  systematic  trends  with  alloy  composition  were  observed 
in  onr  data.  In  addition,  experinental  results  of  Nelson  [124]  on  Al^Gaj. 

zAs  indicated  that  the  capture  properties  were  rather  insensitive  to  changes 
in  x.  However,  due  to  the  complex  nature  of  the  trap  and  its  strongly 
activated  temperature  dependence  it  is  conceivable  that  such  a  center  would 
most  likely  be  formed  away  from  the  symmetric  zone  center  at  T.  Therefore, 
we  do  not  rule  out  the  possibility  that  the  defect  levels  may  be  associated 
with  non-T  minima. 

A  third  proposal  suggests  that  photoexcited  electrons  residing  in  the 
2DE6  at  the  interface  are  prevented  from  recombining  by  a  macroscopic 
potential  barrier  (junction,  surface  barriers,  band  bending  due  to 
inhomogeneities,  etc.).  In  fact,  recent  evidence  shows  that  persistent 
photoconductivity  in  thin  (less  than  5  pm)  epitaxial  GaAs  is  a  direct 
consequence  of  the  epi-substrate  interface  junction  [128]. 

However,  there  are  several  valid  reasons  for  discounting  the  universal 
acceptance  of  this  model.  First  of  all,  if  the  predominant  cause  of 
persistent  photoconductivity  was  band  bending  at  a  conduction-band 
discontinuity  then  we  would  expect  the  effect  to  be  widespread  in  all 
modulation-doped  heterostructures.  This  is  simply  not  the  case.  Moreover, 
this  effect  is  readily  observed  in  materials  that  do  not  have  gross 
macroscopic  barriers,  i.e.,  bulk  III-V  ternary  alloys.  A  distinction 
between  results  for  thin  epitxial  layers  and  those  for  heterostructures 
grown  by  MBE  must  be  maintained.  It  is  reasonable  to  believe  that  band 
bending  contributes  to,  and  exaggerates  the  overal  persistence  effect 
described  in  this  chapter,  but  it  is  probably  not  the  most  determining 
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5 .5  Snmwry 


In  this  chapter,  measurements  of  the  high-field  effects  in  GaAs- 
AlxGai_xA,  have  been  presented  for  a  vide  variety  of  device  structures.  The 
major  emphasis  has  been  placed  on  the  experimental  verification  of  real- 
space  electron  transfer  in  the  heterostrnctures . 

Monte  Carlo  simulations  by  others  have  predicted  the  effect  of 
important  parameters  such  doping  concentration  and  AlAs  mole  fraction  on  the 
characteristics  of  the  negative  differential  resistance  (NDR)  that  can  occur 
when  real-space  transfer  (RST)  takes  place.  The  experimental  results  vere 
found  to  match  closely  to  these  Monte  Carlo  calculations  in  many  instances. 

The  grovth  parameters  of  a  heterostructure  were  found  to  be  very 
important  for  determining  the  threshold  field  and  magnitude  of  a  RST-induced 
negative  differential  resistance.  Increasing  the  AlAs  mole  fraction  x 
(which  increased  AE  )  tended  to  increase  the  threshold  field  for  the  onset 

C 

of  NDR  in  addition  to  altering  the  shape  of  the  NDR  itself.  The  magnitude 
of  doping  in  the  Al^Gaj^jAs  also  significantly  affects  the  characteristics 
of  the  NDR.  It  was  found  that  if  the  AlGaAs  was  too  highly  doped  to  be 
depleted  of  electrons  at  low  fields,  the  NDR  effect  could  be  eliminated 
completely. 

It  was  discovered  that  the  NDR  due  to  real-space  transfer  could  be 
significantly  changed  in  many  samples  by  illuminating  the  sample  with  light 
of  various  intensities.  Very  high  peak-to-val ley  ratios  were  otained 
experimentally  by  illuminating  the  surface  of  the  heterostructure. 

The  above  findings  suggest  that  the  NDR  due  to  RST  can  be  "engineered" 
to  meet  necessary  device  requirements  by  controlling  the  growth  parameters 
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and  device  environment.  It  is  tltns  more  versatile  than  the  analogous  NDE 
caused  by  k-space  transfer  in  GaAs.  which  has  most  of  its  NDE 
characteristics  nearly  fixed. 

Our  investigations  have  demonstrated  that  the  high-field  8 ST  mechanism 
can  be  employed  to  create  novel  devices  with  attractive  properties.  It  is 
possible  to  create  a  high-frequency  oscillator  using  RST  effects  where  the 
frequency  of  oscillation  is  controlled  by  the  external  circuit,  not  by  the 
length  of  the  device.  Since  the  ultimate  frequency  is  limited  only  by  the 
carrier  transfer  times  between  layers  (estimated  to  be  less  than  10-11  s), 
the  device  is  expected  to  be  operable  well  into  the  GHz  range.  In  addition, 
the  power  of  the  oscillator  may  be  increased  by  adding  additional  layer 
pairs  to  the  device  cross  section  without  changing  the  frequency  of 
oscillation. 

The  fast  transfer  times  of  carriers  between  layers  can  be  used  to 
advantage  in  devices  for  switching  and  storage  applications.  It  was  shown 
in  this  chapter  that  switching  and  storage  devices  can  be  constructed  by 
contacting  groups  of  layers  separately  so  that  electric  fields  can  be 
applied  selectively  to  only  some  of  the  layers.  The  storage  times  are 
determined  by  the  AlAs  mole  fraction  of  the  AlGaAs  and  the  lattice 
temperature  of  the  heterostructure.  Storage  times  from  the  nanosecond  range 
to  a  period  of  years  should  be  attainable. 

In  addition  to  the  normal  photoconductivity  present  in  many  of  the 
samples,  a  persistent  photoconductive  effect  was  found  to  exist  in  a  limited 
number  of  the  heterostructures.  The  persistent  photoeffect  appeared  at 
temperatures  below  130  K  and  had  a  time  constant  of  days.  The  optical 
ionization  energy  was  measured  to  be  0.31  eV  which  was  significantly  higher 
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6 .  SUMMAZT  AND  CONCLUSIONS 

In  the  past  several  years  modulation-doped  GaAs-Al^Oa.  XA% 
heterostructures  have  been  receiving  considerable  attention  beeanse  of  their 
very  high  electron  mobilities  which  have  been  measured  at  low  temperatures 
using  low  electric  fields.  The  purpose  of  the  research  reported  in  this 
dissertation  has  been  to  experimentally  measure  the  electron-transport 
properties  of  these  structures  over  a  broad  range  of  laterally-applied 
electric  field  strengths  using  a  diverse  set  of  device  structures  and 
temperatures.  Many  interesting  transport  characteristics  have  been  revealed 
at  both  low  and  high  electric  fields. 

It  was  discovered  that  the  electron  mobility  in  these  structures 
increased  initially  as  the  electric  field  was  increased  from  zero,  possibly 
due  to  the  electron-temperature  dependence  of  the  electron  screening.  The 
low-field  mobility  then  usually  reached  a  maximum  at  low  fields  (200  - 
400  V/cm  for  the  structures  studied)  and  dropped  quickly  for  increasingly 
higher  electric  fields.  The  mobility  decline  as  a  function  of  electric 
field  was  seen  to  be  very  dependent  on  device  temperature.  The  largest 
mobility  reductions  occurred  at  low  temperatures  where  the  peak  low-field 
mobility  was  the  largest.  At  higher  temperatures  (200  to  300  K)  there  was 
comparatively  little  change  in  the  mobility  for  electric  fields  up  to 
2  kV/cm  (34,92]. 

The  sharp  drop  in  mobility  after  the  peak  is  most  likely  due  to  the 
onset  of  polar  optical  phonon  scattering.  Intersubband  scattering  for  the 
2DEG  may  also  contribute  considerably  to  the  mobility  decrease  after  the 


peak.  As  atteapt  was  Bade  to  deteraine  the  isfloesee  of  isteranbbasd 
scattering  on  the  observed  mobility  versus  field  charaeteristies  of  the 
strnctnres  using  a  back-side  gate  electrode.  The  results  were  inconclusive, 
however,  and  it  is  recoaaended  that  further  research  be  done  in  this  area  to 
assess  the  relative  strengths  of  intersubband  scattering  and  polar  optical 
phonon  scattering. 

One  isolated  set  of  saaples  froa  one  wafer  exhibited  a  very  steep 
negative  differential  resistance  (NDR)  that  occurred  at  very  low  fields. 

The  observed  characteristics  were  indicative  of  a  low-teaperature  surface 

« 

acoustoelectric  effect  [35].  The  effect  did  not  occur  at  roan  teaperature 
because  the  sample  length  was  too  short  to  compensate  for  the  higher  lattice 
losses  at  300  K. 

At  higher  fields  (above  2  kV/cm)  a  variety  of  other  effects  were 
observed  in  the  modulation-doped  heterostructures.  When  the  fields  were 
sufficiently  high,  the  high-mobility  electrons  in  the  GaAs  could  obtain 
enough  energy  to  be  therm ionically  emitted  over  the  conduction-band 
discontinuity  into  the  low-mobility  AlGaAs  [26,27].  This  real-space 
transfer  of  electrons  was  seen  to  cause  current  saturations  or  various 
degrees  of  negative  differential  resistance  [28]  in  the  experimental  samples 
being  studied.  The  real-space  transfer  effect  is  thought  to  be  analogous  to 
k-space  transfer  in  bulk  GaAs.  However,  the  characteristics  of  real-space 
transfer  (unlike  k-space  transfer)  were  found  to  be  adjustable  by  varying 
the  growth  parameters  such  as  the  AlAs  mole  fraction,  doping  concentrations, 
and  layer  widths.  These  same  growth  parameters  were  also  seen  to  be 
influential  in  changing  the  mobility  characteristics  8t  low  fields. 


199 


It  was  also  observed  that  the  NDR  doe  to  real-space  transfer  coaid  be 
signif icantly  enhanced  in  aiany  saaples  by  illuminating  the  surface  of  the 
heterostroctore.  In  a  few  of  the  structures  the  increase  in  conductivity 
due  to  the  photoconductive  effect  was  found  to  persist  after  the  source  of 
il lamination  was  reaoved.  The  persistent  photoconductivity  occurred  only  at 
low  temperatures  (T  <  130  C)  and  could  be  quenched  by  heating  the  sample. 
Although  various  models  have  been  proposed  which  qualitatively  explain 
various  characteristics  of  this  effect,  the  origin  of  the  persistent 
photoconductivity  is  still  not  settled  and  there  is  a  great  need  for  further 
research  on  this  phenomenon. 

The  occurrence  of  a  negative  differential  resistance  due  to  the  real- 
space  transfer  of  electrons  out  of  the  high-mobility  GaAs  layer  can  greatly 
limit  the  performance  of  a  GaAs-AlGaAs  heterostructure  FET.  Devices  such  as 
these,  which  depend  on  high-speed  electron  transport,  must  be  designed  very 
carefully  so  as  to  reduce  internal  high  electric  fields  and  minimize  real- 
space  transfer  effects. 

Real-space  transfer  effects  have  many  positive  applications  as  well  in 
novel  new  devices.  It  was  demonstrated  that  real-space  transfer  at  high 
fields  could  be  easily  utilized  to  create  a  variable  frequency  oscillator 
[30].  The  frequency  was  controlled  by  an  external  circuit  and  was  not 
dependent  on  the  sample  length.  Since  the  transfer  of  electrons  between 
layers  is  very  fast  (theoretically  near  5  x  10-*^  s)  it  may  be  possible  to 
push  this  oscillator  to  frequencies  well  into  the  GHz  range  with  a 
substantial  power  output.  Further  investigation  of  the  high-frequency 
properties  of  GaAs-AlGaAs  heterostructure  devices  is  being  pursued  by  others 


at  this  time. 
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Very  fast  electron  switching  speeds  also  sake  the  real-space  transfer 
mechanism  attractive  for  switching  and  storage  applications.  It  was 
demonstrated  that  nsefnl  switching  and  storage  devices  coaid  be  constructed 
with  GaAs-AlGaAs  heterostructure*  by  electrically  contacting  groups  of 
layers  separately  so  that  electric  fields  could  be  applied  selectively  to 
only  some  of  the  layers  [32] .  Electrons  could  then  be  transferred  and 
stored  for  varying  lengths  of  time  (determined  by  the  temperature  and  AlAs 
mole  fraction)  in  different  GaAs  layers  in  the  heterostructure.  It  was 
predicted  that  storage  times  from  nanoseconds  to  years  could  be  attainable. 

More  sophisticated  and  efficient  switching  and  storage  devices  can  be 
easily  constructed  using  present  day  crystal-growth  systems  with  a  rotating 
mask  or  substrate  holder  in  the  crystal-growth  chamber.  This  will  increase 
the  ease  with  which  additional  sets  of  layers  can  be  contacted  separately 
and  will  also  increase  the  fraction  of  the  electrons  in  the  device  that  can 
contribute  to  the  switching  and  storage  effects.  Further  research  in  this 
area  will  undoubtedly  result  in  considerable  improvement  in  the  switching 
characteristics  and  storage  capabilities  of  this  novel  device. 

In  closing,  it  is  pointed  out  that  all  of  the  effects  described  above 
are  consequences  of  the  complicated  boundary  conditions  that  can  be  imposed 
on  these  heterostructures.  Many  of  the  important  transport  characteristics 
that  result  from  various  boundary  conditions  have  been  investigated  and 
reported  here,  but  many  more  effects  undoubtedly  still  remain  to  be 
discovered  and  explored  in  the  future.  It  is  this  large  variability  of  the 
boundary  conditions  of  GaAs-Al^Ga^As  heterostructures  [129J  which  make 
them  so  attractive  for  transport  applications  such  as  those  investigated 
here  as  well  as  for  use  in  optoelectronics  [129-133]. 
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APPENDIX 


Determination  o£  GaAs  Mobility  with  Two-Layer  CQPdP9t*9F 

In  this  appendix,  the  formula  (Eq.  (4.14))  used  to  calculate  the 
mobility  p2  in  the  GaAs  layer  is  derived. 

It  is  assumed  that  the  total  number  of  carriers  in  the  GaAs  and  AlGaAs 
layers  stays  constant.  This  may  be  represented  by 


n(Ai  +  A2)  *  HjAj  +  n2A2 


(A.l) 


where  n^  and  A^  (n2  and  A2)  are  the  carrier  concentration  and  conductive- 
layer  cross  section  of  the  AlGaAs  (GaAs).  n  is  the  overall  average  charge 
density  of  the  conducting  layers. 


By  defining  x  ■  n2^nl‘  one  may  ttse  E<1*  (A.1)  to  obtain 


xn(A2+A2) 


n (A2+Aj) 


A- 1  + 


A^  *  1  Ajx  +  Aj 


(A. 2) 


The  total  current  I  flowing  through  the  AlGaAs  (subscript  1)  and  GaAs 
(subscript  2)  layers  due  to  an  electric  field  E  may  be  written  as 


^  ^2  +  Ij  =  (n^ii^Aj  +  n2p2A2)  eE  . 


(A. 3) 


Substituting  Eq.  (A. 2)  into  Eq.  (A. 3)  and  solving  for  x  yields 

PlAin(Ai+A2) eE  -  A^I  Kl 

A2*  “  P2A2n^Al+A2^eE  A2*  ~  k2^2 


(A. 4) 


where 


^2  =  FjA2n(A2  *  A2)  cE  “  A2^ 


(A. 5) 


1 
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A2&(A^  +  Aj)  tE 


(A. 6) 


When  there  is  no  magnetic  field,  the  total  resistance  0f  the  two 

parallel  layers  is  obviously  found  froa 


JL  +  _i 

*X  *2  • 


(A. 7) 


Let  the  AlGaAs  (GaAs)  layer  increase  *in  resistance  by  AR^  (AR. )  when  a 
magnetic  field  of  strength  B  is  applied  perpendicular  to  the  layers.  Then 
the  total  parallel  resistance  B^  0f  the  layers  when  the  transverse  magnetic 
field  of  strength  B  is  applied  is  found  froa 


_1  1  1 
h  =  +  R2+AR2  * 

The  total  relative  change  in  resistance  with  the  magnetic  field  is 


AR  Kg 


-R, 


R 


R. 


RB  (  R“  ~  > 


o  “o  ~  “o  ^ 

It  was  found  in  Chapter  4  (Eq.  (4.12))  that 


AR. 


R1  *  1*-1  B  '  Rj  ~  ^2 

Substituting  Eqs.  (A. 7)  and  (A. 8)  into  Eq.  (A. 9)  gives 

AR}  AR2 


2d2 


^2  2r2 

'  Rj  *  *1  B  * 


AR 

R 


(R1^AR1) (R2+AR2) 
•o  Rj+Rj+ARj+ARj 


R1(R1+AR1)  Rj (R2+AR2) 


(A. 8) 


(A. 9) 


(A. 10) 


(A. 11) 


By  substituting  Eq.  (A. 10)  into  Eq.  (A. 11)  and  simplifying,  one  can 


f  ind 


A£  2 

*0  L 


P  (R2~*-AR2)Pi^  +  (R1+AR1)h22 
Rj +r2 +ar2 +ar2 


B 


R2<1+ 

R1 


2  ,  .z(lfH22B2)>112  +  Ri(l+m2B2)M22 


(l+Pj^B2)  +  Rj (1+h22Bz) 


(A. 12) 
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Note  that 


p 

1  n2^2A2  H2A2 

R2  nl^lAl  *  **1*1 

Then  using  Eq.  (A. 13)  in  Eq.  (A. 12}  gives 


(A. 13) 


(1+H22B2)  f*!2  +  (l+Ml2B2)  H23 

— - i-i -  .  (A. 14) 

—  (l^V)  «■  J  ♦  |  B2M22 

To  obtain  a  third  order  polynomial  in  p2,  0ne  can  substitute  Eq.  (A. 4) 
for  z  into  (A. 14)  and  then  put  the  entire  equation  over  a  common  denominator 
and  combine  like  powers  of  p2.  The  final  expression,  which  is  the  same  as 
Eq.  (4.14),  then  becomes 


where  Kj  and  K2  are  given  by  Equations  (A. 5)  and  (A. 6),  respectively. 

This  third-order  polynomial  (Eq.  (A. 15))  was  used  to  calculate  the 
mobility  in  the  GaAs  as  described  in  detail  in  Chapter  4. 
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